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PREFACE

T 15 a real pleasure to acknowledge the invaluable contributions

I of my collaborators, Dies, B, C, Anderson and James 1. Amold,

in the development of the dating methed. Certainly nothing

would have heen done without them. Dr, A, 'V, Grosse and his col-

laborators at the Houdry DProcess Corporation eoncentrated the

methane samples which first established the existence of radiscarhon
in nature and laid a firm foundation for the program.

The Committee on Carhon 14 of the Amecrican Anthropological
Assaciation and the Geological Soclety of America, consisting of
Frederick Johnson, chairman, Idonald Collier, Richard Foster Flint,
and Froclich Rainey, in selecting the samples for measurement, ad-
viging on prioritics, and lending a friendly ear in troubled periods,
have indeed earmed our most heartfelt gratitude. We hope that the
results of the research may in some amall measure repay them for
their efforts.

It is also & privilege to thank the Wenner-Gren Foundation for
Anthropological Research, formerly The Viking Fund, Inc., and its
director, L. Paul Iejos, for the fnancisl support of this research
with two grants totaling some 535,000 in the years 1948, 1944, and
1950. A small unexpended balance remaing from these funds, which

¢ will be used over the years for accasional further measurements. This

foundation, together with the University of Chicago, furnished the
principal financial support for the entire research. We are very
grateful indeed for this assistance,

We also arc indebied to the Air Force (Wright-Pattersen Air
Foree Base, Contract AF 33[038]-6492) for a contract for the de-
velopment of low-level counting techniques during the year 1949,
the results of which were put to immediate use in the radincarbon
fating research.

Tt is hoped that the present publication will contain the answers
to most of the gquestions which will occur to an investigator con-
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structing and operating cquipment for the measurement of dates by
the radiocarbon technique. It is realized, however, that certain im-
portant details may have been omitted, and we would be pleased to
try to assist in the solution of any difficultics which other groups

may encounter,
W. I'. Linsy
Crpeaco, Teuimues
Saplember 1, 1951
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CHAPTER I
PRINCIPLES

r I LHE discovery of cosmic radiation by V. I, Hess in 19171 led
to repeated conjectures as to possibile permanent effects this
racintion might have on the surface of the carth. The energy

received by the earth in the form of cosmic radiation is commensu-

rate with that received as starlight. [t is therelore really quite small
in terms of the solar energy. The specific energy, that is, the energy
per constituent particle, is very much higher than for any other type
of radiation, averaging several hillions of electron volts (1 electran

volt is 1.6 % 10~ ergs, which is the average energy of motion of a

gas molecule at 10,000° C.). It is conceivable, therefore, that the

cosmic radiation will alter the earth's atmosphere in detectable ways,

It was discovered shortly after the neutron itsell had been dis-
covered that neutrons were present in the higher layers of the at-
mosphere probably as secondary radiations produced by the primary
cosmic rays. Measurements by cosmic-ray physicists have clearly
cstablished that the population in the atmosphere rises with altitude
to & maxium somewhat above 40,000 feet and then falls! This
proves the secondary character of the radiation—that it is not inci-

dent on the earth from interstellar space but is a product of the im-

pact of the true primary radiation on the earth’s atmosphere. A
corroborating point in this connection is the recent demonstration

that the neutron is truly radicactive with a lifetime of about 12

minutes, which of course removes any possgibility of the neutrons

having time to travel any congiderable distance in interstellar space,
though the trip from the sun could be made without complete decay
to hydrogen.

Consideration of possible nuclear transmutations which the cosmie
rays might effect leads one immediately to consider what the neu-

1. H. M. Agnew, W, ©, Bright, and Doral Froman, My, Ree., 72, 205 (1947
{this paper contains references o many earlies measurensentsl; J. A, Simpeaan, Jr.,
Pieys, Rer., 73, 1389 (1048); L, C. L. Yuan, Phys. Rev., 74, 84 (1038); T, C. L. Vunn
aml K. Ladenbusg, Bull, Aw. Phyr. Soc., 23, No, 2, 21 (1948); L. C. L. Vean, Phy,
Rev,, 76, 1267, 1208 (1949); L, C. L. Yuan, Piys, Rev., 77, 728 (19500,
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H RADIOCARBON DATING

trons known to be produced by the cosmic rays might he expected
to do to the carth's atmosphere, In the laboratory many studies have
been made of the effects of neutrons of various energies on all the
ordinary elements and especially on nitrogen and oxygen, the con-
stituents of the air. In general, the results are that oxygen is extraor-
dinarily inert but that nitrogen is reactive. It appears certain that,
of the two nitrogen isotopes, N', of 99,62 per cent abundance, and
N™, of 0.038 per cent abundance, N** is the more reactive. With neu-
trons of thermal velocity the reaction

NU 4 g = O 4 H! (13
iz dominant, the cross-section of the NY atom for & rocm tempera-
ture thermal neutron being in the wvidnity of 1.7 3 1079 om.®,
whereas the thermal neutron cross-saction for reaction with O is of
the order of 0.1 per cent of this. It is therefore quite certain that
thermal neutrons introduced into ordinery mir will react according
to Equation {1) to form the radiocarbon isotope of mass 14 and
half-life of 5568 + 30 years.

The neutrons in the air being formed by the energetic cosmic rayz
possess energy themselves, probably of the arder of 5-10 mev (mil-
lion electron volts) on the average when first formed. After birth
they then collide with the air molecules and lose their encrgy by col-
lision, either slastic or inelastic, either reacting on one of these col-
lisions and so being absorbed or finally attaining thermal energies
where they are quite certain to be absorbed to form radincarbon by
Reaction (1), Laboratory studies of the effects of energetic neutrons
an air again indicate that the nitrogen is the more reactive constitu-
ent, Keaction (1) is still dominant, though a second reaction,

NY4n=0"+Te, (2)
accurs.? The latter reaction becomes dominant at energies ahove
1 mev but even at the most favored energies attaing cross-sections
of enly 10 per cent of that of nitrogen for thermal energies. Reac-
tion (1), on the other hand, goes with considerable probability in
the region of 0.4-1.6 mev,

A third type of reaction of high-energy neutrons with nitrogen,

Nitgn = CR4H?, (3)

2, C. H. Johnson and H. H, Barschall, Phys. Rer,, 80, 810 {1950,
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has heen veportad in the laboratory.® The nature of the laboratory
experiment was such that it was difficult to estimate the cross-section
for the reaction, but the reported value was 107 cm.?, to an accu-
racy of about a factor of 5. It is certain [rom the masses of the atoms
invelved in Reaction (3) that neutrons of not less than 4 mev are in-
volved, since the reaction is endothermic to this extent. The hydro-
gen isotope in Reaction (3) Is the radicactive hydrogen called trit-
ium, of 12.46 years half-life, which decays to form the stable iso-
tope of helium, He?, which oceurs in atmospheric helium in an
abundance of 1.2 % 10-* parts He! per ordinary helium in atmespher-
ie air.d It is thought that this value is accurate to about 30 per cent.
The sbundance of He* in ordinary helium from terrestrigl spurces
varies widely from undetectably small values in uranium ores, where
an excesslvely large amount of He' is found, to the values of
12 3 10-* parts for certain Canadian rocks. Tn general, however,
the He® content of helium from the earth's crust is not over one-
tenth as large as that of atmespheric helium. Since tritium pro-
duced by Reaction (3) lasts such a short time, one knows that any
tritiwm produced by Reaction (3) will introduce an cquivalent
amount of ITe? into the earth’s atmosphere, so that one possible effect
of the cosmic-ray bombardment of the earth's atmosphere could be
the introduction of He* into the atmospheric helium. Tt is seen that
thiz may be the case, since it is observed that atmospheric helium
is richer in He? than terrestrial helium.

Summarizing the three most probable reactions, only the first and
third lead to radioactive isotopes. It is therefore to be expected that
the neutrons produced by the cosmic radiation may preduce these
radisactive materials in the earth's atmosphere. After these points
were made,? & search in nature for both radicactivities was insti-
tuted. Both have since heen found® in amounts and concentrations
correspanding roughly to those expected.

3. B, Cornog and W, F. Libhy, Phys. Ree,, 59, 1046 (1941).
4. L. T. Aldrich and A, O, Nier, Fiyr, Beo,, 74, 1590 (1948).
5. W. F. Libby, Phys, Reo,, 09, 671 (1948).

6. E. C, Andersan, W, F. Libhye, 8, Weinhouse, A. F. Reid, A. I}, Kisshenbaum,
and A, V. Grosse, Selemee, 108, 576 {1947); E. C. Anderson, W, T, Libby, 5, Weinhouse,
A. F. Reid, A. D. xmhubu.um, and A, V. Grosse, Phyr. Ree., 72, 931 (1H7); A. V.
Grosse, W, H. Johnston, B. L. Walfgang, and W, F. Libhy, ‘l‘-'m 113, 1 (1951}
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Therefore, we now have more confidence in the basic postulates
made in the arguments outlined above—that the hehavior of the
cosmic-riy neulrons in the air is predictable from the observed be-
havior of laboratory neutrons on nitrogen and cxygen and that the
possibility of the neutrons having higher energy than laboratory
neutrons appears not to confuse the issue appreciably.

The prediction of the expected amounts of radiocarbon and trit-
ium can be made only on the basis of some information about the
relative probebilitics of Reactions (1), (2), and (3). Reaction (1) e
g much more probable, however, that it is clear that the yield of
radiocarbon will be nearly equal to the total number of neutrons
generated by the cosmic rays, & number which we shall call @ in units
ol number per square centimeter per second, The teitium yield, due
to Reaction (3) only, is taken to be of the order of the ratio of these
cross-sections, or about 1 per cent of (0. The latter will be consider-
ably more uncertain than the yield of radiccarbon, since the cross-
section for Reaction {3) I8 much more uncertain than that for Re-
action (1) and more gpecifically than the deminance of Reaetion (1)
If we integrate the data for the neutron intensity as a function of
altitude from sea-level to the top of the atmosphere, to obtain the
total number of neutrons, 0, produced per square centimeter per
second, and average this over the earth's surface according to the
observed variation of neutron intensity with latitude,” we obtain a
figure for {3, the average number of neutrons generated per square
centimeter of the carth's surface per second by the incidence of cos-
mic radiation. If we further assume that the cosmic-ray production
of radiocarbon is an ancient phenomenon in terms of the S600-year
hali-life of radiocarbon (i.e., the cosmic rays have remained at es-
sentially their present intensity over the last 10,000 or 20,000 years),
we can conclude that there is some place on carth enough radio-
carhan to puarantee that its rate of disintegration is just equal to its
rate of formation. Evaluation of {0 from the experimental data avail-
able gives 2.6 as o most likely value. Since the earth's suriace has
5.1 % 10 em.t, the radicearbon inventory must be such that 1.3 X
10" heta dizsintegrations occur per second,

Clm =< NH+, {2)

7, T. A, Simpson, Tr., Phya, Rer., 73, 1389 (1948); L, ©. L. Yuan, Phys. Bee., 76,
1367, 1248 (1548},
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Since laboratory measurement of the specific disintegration rate of
radioearbon® gives 1.6 > 10" disintegrations per second per gram,
dividing we obtain 8.1 3 107 grams, or 81 metric tons, as the pre-
dicted inventory for radiocarbon on carth, This is cquivalent ta
365 million curies {1 curie is thet quantity of radieactivity which
gives & disintegration rate of 3.7 % 10 per second). Reasoning
similurly, we predict a tritivm inventory of ahout 3 million curics
in naturc.

The guestion remains as 1o where the radiscarbon will eceur. A
moment's thought answers this, however. We consider the problem
of the ultimate fate of a carbon atom introduced into the air at
helght of seme 5 or & miles, It seems certain that within a few
minutes or hours the carbon atom will have heen burned to carbon
dioxide molecule, It is true that there are points of interest to discuss
in the question of the kinetics of combustion of atemiccarbon in the
air, and research is necessary to supply definite answers for the many
cpuestions which would arise in such a discussion. Tt seems probable,
hewever, that the earbon will not long remain in any condition other
than carbon dioxide. Postulating that this is so (i.e., the absorption
of cosmic-ray neutruns by nitregen of the air is equivalent to the
production of radinactive carbon dioxide), we can proceed to an im-
mediate answer to the question as to where natural radiscarbon
should aceur on earth, Radioactive carbon dioxide will certainly mix
with considerable speed with the atmospheric carbon dioxide, and
o we conclude that ell atmespheric carbon dioxide is rendered ra-
dioactive by the cosmic radiation. Since plants live ofi the cirbon
dioxide, all plants will be radioactive; since the animals on earth
live off the plants, all animals will be radioactive, Thus we conclude
that all living things will be rendered radioactive by the cosmic radia-
tion. In addition, there is another carbon reservolr for the natural
radiocarbon, and this is the inorganic carbon in the sea present os
dissolved carbon dioxide, hicarbenate and carbonate, for it is known
that an exchange reaction occurs between carbon dioxide and dis-
solved bicarbonate and carbonate ions. The time for radicactive
carbon dioxide in the air to distribute itself through this reservoir

£ A, G Engelkensse, W, H, Hamill, M. G, Tnghram, aml W. F. Lildy, Phys. Res.,
75, 1625 (1949); W. M. Janes, Phys. Kev., 76, B2 (19450; W, W, Miller, Bt. Balkentine,
W, Bernatein, L. Frisdman, A, O, Nier, and B, D, Evars, Phys, Rer, 77, T4 (1950);
A. (7. Engelkemeir ami W, F. Libby, Rev. Sef. Tugd., 21, 350 (1950,
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probably is not in excess of 500 years. This is the so-called “turn-
over™ time for the life-cycle which has been widely discussed by geo-
chemists, The cstimates vary quite widely, but it does scem that this
time can hardly exeeed 1000 years, Since (this is a time short as com-
pared to the lifetime of radiocarbon, we conclude that any given
radiecarhon atom will make the round trip several times in its life-
time, and we therefore predict that the distribution of radiocarbon
throughout the reservoir will be quite uniform, there being little
vertical or latitudinal or longitudinal gradients left, One has some
cause Lo guspect that there might be variations in intensity aver the
earth's surface, for the reason that it is known that the cosmic-ray
neutron component varies by a factor of about 3.5° between equa-

TABLE 1
CARBON INVENTORY .

oo
Ootan “carbonate”
Ocean, d;uol'ml nmm:

Rinsphere . . . 0,33
.ﬁ.tmuqﬂlm ........... N
R e T oY Te T 8.3

torial and polar regions, the intensity being greater in the polar
reglons.

As expected, however, on the basis of the probable hrevity of the
turn-pver time as compared to the lifetime of radiocarbon, it has
been found that the distribution is uniform. Materials have been
selected from various points en the earth's surface and from various
altitudes, and the specific radioactivity has been found to be identi-
cal within the ervor of measurement, which amounts to some 3-5
per cent.

In order to predict the specific radioactivity of living carbon, the
amount of carbon in the exchange reservoir must be estimated.
Careful consideration of the complex bischemical questions involved
leads us to the numbers given in Table 1.

The dominance of the inorganic material dissolved in the sea is
obvious from these numbers. This has the immediate consequence
that variations in living conditions which will lead to variations in

¥, J. A Simgmen, Jr., Phys. Ree,, 73, 1350 (1048); L, C, L. Yuan, Phyr, Rer., 76,
12063, 1268 [1049),
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the amount of living matter on earth will not appreciably affect the
total carbon in the reservoir. Or, conceivably, the anly possible sig-
nificant variations of the quantity of carbon in the reservolr must
involve changes in the volume, the temperature, or the acidity (pH)
of the oceans. This probably means that the reservoir has not
changed significantly in the last few tens of thousands of years,
though there is the point to consider of the effect of the glaciation on
lroth the volume and the mean temperature of the oceans, If the
numbers in Table 1 are correct, there are some 8.3 grams of carbon
in exchange equilibriurn with the atmospheric carbon dioxide for
each square centimeter of the earth’s surface, on the average, and
sinoe there are some 2.0 neutrons incident per square centimeter per
secand, we must expect that these 8.3 grams of carbon will possess
a specific radicactivity of 2.6/8.3 disintegrations per second per
gram, or .6 * 60/B.3 disintegrations per minute per gram. This
number, 18.8, i3 to be compared with the experimentally ohserved
wvilue of 16.1 £ 0.5 The agreement seems to be sufficiently within
the experimental errors invelved, so that we have reason for confi-
dence in the theoretical picture set forth abowve,

The agreement between these two numbers bears on another point
of real importance—the constancy in intensity of the coemic radia-
tion over the past several thousand years. 1f one were to imagine that
the eosmic radiation had been turned off until a short while ago, the
enormous amoeunt of radiocarbon necessary Lo the equilibrium state
would not have been manufactured and the specific radisactivity of
living matter would be much less than the rate of production calcu-
lated from the newtron intensity. Or, conversely, if one were to
imagine that the intensity had been much higher in the past until
very recently, the specific radioactivity would greatly exceed that
calculated from the observed neutron intensity, Since 5568 + 30
years will be required to bring the inventory halfway to any new
equilibrium state demanded by the change in cosmic-ray intensity,
wi find some evidence in the agreement between these numbers that
the cosmic-ray intensity has remained cssentially constant for the
last 5000-10,000 years. This does not mean that it could not exhibit
hourly, daily, or even annual fluctuations. It does mean, however,
that the intensity averaged over 1000 years or 50 has not changed.

1. E. C. Anderson, P'h.I) thesis, Universily of Chimgo (1949); E. C. Anderson
anil W, F. Lilby, Phys. Rev., 81, &4 (1951).
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There is the slight possibility that an approximately compensating
change in the carbon inventory has oceurred, but for the reasons
mentione] above the bufering action of the great reservoir in the sea
makes this very remote.

A further point of interest in connection with the inventory and
the observed specific assay is that the carbon isotopes apparently are
fractionated in being incorporeted into the biosphere from the in-
organic world. This effect was discovered some time ago™ for the
isotope CY, which has a mean abundance of 1.1 per cent in ordinary
carbon. [t was found that the ratio of the abundance of C¥ in inor-
ganic carbon to that in bislegical carbon iz 1.03, On the basiz of this,
one would expect o value of 1,06 for the analogous ratio for O, radio-
carbon, Since the mass speetrographic messurements of the €Y
abundance are quite accurate and the theory on which one calculates
the L6 ratio feom the observed 1.03 ratio for O is quite rigorous,
we are inclined to multiply our assay of biological material by 1.06
rather than to take the mean value of the small number of measure-
ments we have made on inorganic carbon, The mean of the biologi-
cal assay is 15.3 £ 0.1, Multiplying by 1,06, we obtain 16.2 for in-
organic carbon; then, averaging according to the weight factors given
in Tahle I, we derive the average 16,1 for the carbon inventory as a
whale. (e must remember, howewver, that wood or ather biological
material will present an agsay of 15.3 and that modern seashell will
present an gssay of 16.2,

If the cosmic radiation has remained et its present intensity for
20,000 ar 0,000 years, and if the carbon reserveir has not changed
appreciably in this time, then there exists al the present time a com-
plete halance between the rate of disintegration of radiocarbon atoms
and the rate of asgimilation of new radiocarbon atoms for all material
in the life-cycle. For example, a tree, or any other living organism, is
in a state of equilibrium between the cosmic radiation and the natu-
ral rate of disintegration of radiocarbon so long as it is alive. In
other words, during the lifetime the radiocarbon assimilated from
food will just halance the radiocarbon disintegrating in the tissues.
When death occurs, however, the assimilation process is abruptly
hulted, and enly the disintegration process remains.

11, A O, Nier and . A, Gulbranson, A, dm. Chem. Soc., 81, 667 (1930); B, F.
Murphy and A O, Nier, Phys. Rev., 59, 771 (19410,



o=

Sl

PRINCIPLES n

It has been known for many years that the rate of disintegration of
radinactive hodics iz extraordinarily immutahle, Leing independent
of the nature of the chemical compound in which the radionctive
body resides and of the temperature, pressure, and other physical
charaeteriztics of its environment. The reason for this is that the

[
Dl SAMPLES OF KNOWN AGE

¥ TREE AING (580 AD)

PTOLEMY (200 £ 150 B.C)
TAYIMAT (675250 B.C)
§ REOWOOO (979 %528C)

?

SESOSTRIS (1800 BL)
* T0SER (2700 £ 758.0)

ABSOLUTE SPECIFIC RACIMCTIMITY (dpm/gC)
¥

CURVE CALCULATED
FROM PRESENT OAY POINT
AND HALF LIFE OF

RADIDCARBON 5568230 YEARS

T

SHEFCRY (262ET50.C)

3
I

HSTORKCAL AGE (YEARS)
Fot, 1m=Prodicted versss ahserved radiosctvities uf samples of knoun age

transformation is & nuclear phenomenon in volving energies very
much larger than those corresponding to the chemical bonds and to
the various physical influences to which matter might conceivably be
subjected. Therefore, we conclude that the rate of disappearance of
radioactivity following death corresponds to the exponential decay
law for radiocarbon as represented by the solid curve in Figure 1, in
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which the world-wide assay of 15.3 [or biological materials corre-
gponds to zero time, and the predicted specific radioactivities for
various times thereafter are given by the curve. The equation for
the curve is

[m15.3 up(-n.m tﬁ) (5)

1w 15,3 2i-ums (51

ar

in which £ is the age of the organic material in years, age being de-
fined as the time elapsed since death occurred. The experimental
points shown in Figure 1 are the observed assays for various sumples
of known age, discussed later, In so far as the points fit the curve,
we have reason to belicve that the method is sound and gives the
correct ages. The errors indicated on the experimentul points are
standard deviations, and it appears that the results are favorable
as judged statistically.

It is ohvious that we must be careful in selecting samples to choose
materials that eontain the ariginal carbon atoms present at the time
death oceurred, In other words, samples must not have been pre-
served with organic materials containing carbon of age different
from that of the sample. Care must also be taken that chemical
changes have not led to replacement of the carbon atoms. In a gen-
eral way, orgenic materials consisting mainly of large molecules,
such as cellulose and charcoal, are favored. An example of question-
able material is shell, for it is quite conceivalble that shell which is
powdery and chalky In appearance has had its carbonate atoms re-
placed.



CHAPTER 1L

WORLD-WIDE DISTRIBUTION
OF RADIOCARBON

question of the contemporary assay of the exchange reservoir
for radincarbon and the uniformity over the earth's surface of
this assay.! Organic material, principally wood, was collected fram
widely scattered points over the carth’s surface, and measurements
of the specific radioactivity were made, One group of samples was
concentrated near the geamagnetic equator, where the neutron flux
is al a minimum; another in high latitudes, where the neutron flux
is at a maximum. The variation in neutron intensity with latitude,
as observed by Simpson at 30,000 feet, is presented in Figure 2.2
Some consideration was given to the archeological importance of
the region with the thought that, if no uniformity were demon-
strated, these data might be utilized in age measurements where the
original assay would vary from region to region. Fortunately, this
has not proved to be necessary. Owing to the known extreme varia-
tion of neutron intensity with altitude, shown in Figure 3, in which
the data of Yuan and Ladenburg taken at Princeton, New Jersey !
are given, two samples from high altitudes were measured, It might
be suspected that the specific radioactivity would be higher at
higher altitudes. However, the height of the timber line was of
course very small indeed compared with the 30,000-feot altitude at
which the principal radiocarbon production cccurs.
The experimental results are given in Tables 2 and 3, in which
the type of sample, the donor, the geomagnetic latitude, and the
observed specific radioactivity in absolute disintegrations per minute

I AUNDAMENTAL to the radiccarbon dating method is the

1. The material on this sulject has been taken largely from the doctors] thests of
E. L. Andersan, presented 1o the Division of Physical Sciences, Universiiy af Chicagn,
in partial [ulfilment of the requirements far the Ih 0D, degeee,

2, Ihid,

&, Phyt. Rev., 74, 504 (1948); 76, 1267, 1268 (1040); 77, 728 (1050); Bl Am.
Fhys. See, 23, Nn, 2, M (1948).

11
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per gram of carbon are recorded, Table 2 applying to the hiecsphere
and Table 3 to the inorganic.

The sssociated error is the standard deviation caleulated from
the counter statistics only. Naturally, since other errors are involved,
the true ervor will be somewhat larger, However, similar treatment
of the mere numerous data quoted later on samples measured for
age determination seem to indicate that the scatter appears to be

1
g! | 0| 30 ap 50 )
| 55000 An000
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little more than would be expected from this source alone, So per-
haps one can conclude that this nearly represents the true standard
deviation of the measurcment. The terrestrial distribution of the
samples is shown in the map in Figure 4, each dot corresponding to
a particular sample. It is of course to be realized that the geomag-
netic latitude and the ordinary latitude are not identical. The gea-
magnetic latitude is taken as being more significant in Table 2,
since the variation in neutron intensity with latitude shown in Fig-
ure 2 correlates with it



TAHLE 2
ACTIVITY OF TERRESTRIAL BiSirHERE SAMPLER

eomage | Alaalute Speelfle

Bouree muike Activily

Laslinde [ DG}

White y Wakoa irmdﬂ&t fﬂhwn] [ B £0,30
N nn sprace, Sweden (Dona d Colfier, Chicago Mats

Hm wd.mpm{w ey e 55" N. E;;ﬂﬂ

wiodd, Chsenme (RubBIrEl- o oo rvaea ... srpmmal o 5 N ..
mﬁﬂuj ;H&Lﬁ;‘tllﬂd {Denald m A0 4PN | 15064030

raves, Tenncasot er

ey Aot S e | Ma0z0.30

Fine twigs and lﬂd'lu (12,000.41. ait.}, Moust Whetler
New Mexico {Kobert Frﬂz
Worth Afrlcan heiar {John udsen Hmr\r. Inr.}

Ok, wl.'ll 'Pﬂul.u[l)nnllu.l. Col “Ifl} .
Unicleatified Tran (M 1N, | 1557034
Frayimas -mmn ]' ﬂolbﬂ' ..... 267 M. 14,84 £0
Unldentified wood, I:"lmm he Sh:rpnm M, 1594+ 0,51
Clilsraphora excelsa, Liberin {Donald Calller)........... 1N, | 15.08:+0.34
Smnigo weelsa, Copambana, m{nm 1, lt.) {Dan-
lldm 1" M. 15,47 £ 050
N]auw, Marshall muuu(]umud Collier). .| O .53 £0.60
Unidmllﬁdw ............ B 15. 19 +0.67
Tiera del Fuegn (Juala

Bird) .. 45°5, 1537 £0.49
M s, Mew S-uulhw ies, Australia (Dennld Cellier)] 45°5, 16.31 £0.48
.l'mmﬂ:.ulrrd E;ptd-llhn

[ruts seal meat from
'I:'I'Ircll;hli . Deason

3575, 156020, 30

Average . 15.3 #0.1"
* Ereve ol calibration of csunler r-'n:-; errar un abyedols assay fo 0.5,
TADLE 3
ACTIVITY UF COSTEMPORANEOUS SHELL SAMILES
Rimzin Ay

Murex shell, Floridn west enasl, . oovnvnvoe oo 17.1+0.5
I{ drpumtr:rl ocean sediments, 1150.meter

I Bermuda (J, Laweenee Kolp) .o 17.4£0.46

Dyumah:ls.ﬂmmhﬂn; ................... 15,140.5*
AVCIREE oo ovvarnrnnnnrnerssinraraissaarann 14.54£0.5

® This sumple had & high ash (33 per ._L} sa e namber ks beis ralizbls than
the counbisg error indlcated.
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The average specific activity of all the biesphere samples is found?
to be 15.3 + 0.5 absolute disintegrations per minute per gram. The
data seem to show no scatter appreciably larger than the expected
statistical fluctuations, indicating that the sumples involved would
indeed have specific activities identical within the ervor of measure-
ment. The data presented in Table 3 for shell reveal that ehell iz
definitely more radicactive than organic material, Thiz difference is
to be expected, since it has been shown® that fractionation of the
stable isotopes of carbon, €% and C, eccurs in these systems. The
ratio of the C* content of carbonate to that of organic material
which is found here is 1.09 4 0.03. On the basis of the fractionation
factar 1.03 found for O against C¥, one would expect a value of
1.06 for C4, The difference between this value and the one found in
the present investigation is not outside the experimental error; and,
since the aceuracy of the estimation of the fractionation factor is
better than the precision of sur measurements of the shell activity,
we toke the ohserved value to be 16.2 + 0.5, derived by multiplica-
tion of the mean of the organic specific activity by 1.06. It seems
that a further investigation of the fractionation lactor would be
warth while end that further measurement of contemporaneous shell
samples is definitely desiralle,

The estimation of the amount of carbon in exchange with the
atmospheric carhon dinxide is a difficult task. It is, however, neces-
sary to the striking of a balance between the observed specific ac-
tivity and the cosmic radiation intensity. The results have been
given in Table 1.

The carbon in the exchange reservelr is sbviously of three prin-
cipal origins; namely, that dissalved in the oceans, the carbon of liv-
ing organisms, and atmospheric carbon dioxide itsell. We shall find
that the latter two are o small as to be nearly negligible in com-
parison with dissalved material in the sea, principally carbonate and
hicarhanate. Let us consider first the amount of carbon dissolved in
the oceans as some species of carbonic acid. This amount can be
caleulated from a knowledge of two factors: the alkalinity and the

4, Earlier pahfieations have glven 125 fur Uhis numbser. “The counters have been re-
calibrated for shaslute eficiency since then, and the new value 8 derived Trom the ald
nne hy carrection for the more accurately determined eficlency.

50 A 0, Nier aml B, A, Culbranson, J. Am. Cheas. Soc., 61, 807 (1239); B, F.
Murphy and A O, Nies, Phyr, Ber, 82, 771 {1941}
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pH of the ocean water. Tho alkalinity is the exeess of pesitive iong
over the anions of strong acids, This difference must be made up by
the lonization of weak acids in order to preserve electrical neutral-
ity. Since carbonic acid is the principal weak acid in the ocean, the
situation iz fairly simple. The total amount of disselved ecarban is
not uniquely determined by the alkalinity alone, because of its
variable equivalent nature due to the possibility of its existence in
the neutral, monobasie, and dibasic forms: HyC0y, HCOZ, and
CO37. The ratio of the amounts in these forms must therefore
be specified, and this ratio is, of course, determined by the pH.
The neeessary equations are

(H*)« (HCDs )

I (ol
(H*) - (0077 _ -
Heo,) =k th

A= (HCO}) +2(CO;~) ()
5= (HyCOy) + (HCO;) + (CO; ), {9)

where A is the alkalinity due to carbonic acid, and § is the total
amount of carbon present in the forms indicated. These equations
ean be combined to give

A [ (H*)

Kz
[ 524 +1], (10)

THY
We must now consider the values to be adopted for the four con-
stants in this equation; namely, the alkalinity, the hydrogen-ion
concentration, and the two lonization constants of carbonic acid.
The average value of the alkalinity of the ocean scems to be well
established as o result of numerous measurements by many investi-
gators and hus a value of 2.43 milliequivalents per liter.* The alka-
limity i due almost exclusively to carbonate and hicarbonate, the
amounts of phosphorus, arsenic, silioon, and other elements capable
of forming weak acids being completely negligible, A slight correc-
tion can be made for the amounts of boron known (o be present,

6 H. U, Svendrugs, M. W, Johason, and K. H. Flemiog, The Ooeans (New Vark:
Irentice-Hall, 146), p. 208,
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Using cnly the first ionization constant of boric acid and taking the
pH of the geean as 4,0, we find the alkalinity duc to horon to be 0,06
milliequivalents per liter,” The alkalinity due to carhon is therclore
2.37 milliequivalents per liter.

The variation in pH throughout the ocean i surprisingly small,
and the average value is ahout B.0.° The small amount of variation
fyund throughout the greater portion of the water map is graphically
illustrated by the north-south section of the Atlantic Ocean given
by Sverdrup e al. as taken from Wattenberg.! Tt is clear that over
the major portion of the ocean the variation is anly 0.1 pH units.

Tt is of interest to compare the observed pH of prean water with
that calculated assuming complete equilibrium with the carbon
diaxide of the stmosphere. The deep water which constitutes by far
the largest fraction of ocean water is formed at high latitudes by the
cooling of water of high salinity. Therciore we will assume Arctic
eonditions for the equilibration. For the apparent ipnization con=
stants of carbonic acid we will use experimental values which will be
discussed below, These are Ki = 8.3 3 1077, and Ki = 6.3 % 1079,
and are applicable to water of chlorinity 19,0 per mil at a tempera-
ture of 4° C. We will assume an alkalinity of 2.37 milliequivalents
per liter and a partial pressure af COy in the polar air of 0.23 mm. of
mercury?® For the solubility of COy in sea water we will use the
data given by Sverdrup ef al."* The result of this calculation is a pH
of £.10 for the water while at the surface. On sinking to the average
depth of the peeans (3800 meters), the pH will change to 8.01 as a
result of changes of Ki and Ki with pressurc. These results are invery
satisfactory agreement with the observed pH of the decp ocean,
numely, 8.0

Fecause of the high fonic strength of sea water, nemely, 0.9 molal,
and the lack of knowledge of the activity coefficicnts of the species
invalved, it is necessary to use apparent ionization constants rather
than thermodynamic constants for carbonic acid. Tortunately the
values of K{ and KJ have been carefully investigated by a number

7. fbid,, p. 199,

§. Jbd., p. 208. 9, Ibid., p. 210, Fig. 43.

10, . Buch, dcts Acad, Abacwsis, Maib. f Physica, 11, Ko. 12 (10380,

1, (2. gl 191
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of investigators™® as a function of pH, salinity, temperature, and
pressure in both natural and artificial sea water. In general, the
agreement among the several investigators is excellent, and the re-
sults appear to be very reliable.

The relations which were found for the normal range of composi-
tion of sea water are

pK! = 6,47 — 0100 (CL) 12 {11)

at 20° C. with & temperature coefficient of —0.008 per *C. and a
pressure coefficient of —4.8 3 10-* per meter of depth; and

pKs = 10.35 — 0.498 (CI) A (12}

{(where pK is the negative logarithm, base 10) at 20°C. with a
temperature coellicient of —0.011 per ® C. and a pressure cocfficient
of —1.8 3 10-* per meter. Taking (Cl) as 1.93 per cent, the lempera-
ture to be 4° €., and a depth of 3800 meters (the mean depth of the
geean), we find that for average occan water

K/ =1.26% 10-¢ (13
K;—T.ilxlu_“‘- (14)

From Equation (10) it is possible to caleulate the errors which
will be introduced into the value of the total carbon by errors in

{, K4, and pH. If we substitute the following numerical values in
Equation (10, K = 1.20 3 10~%, Ki = 7.41 X 10", and (H*) =
10-2, we find

A
Sum{l].tlﬂﬂi +0.0744+1). (15}

Tt is clear that K{ has & completely negligible effect on §, since it
contributes only 0.8 per cent to the last term.

Dropping Ki and expanding Equation (10) in terms of powers of
[K4/(H*)], and dropping higher powers than the first, we have, to
a good approxmation,

r
K
Sad (1—-EH-1;:1-)-A (1—0.074). (16)

12, E. G. Moberg, T, M. Greenberg, . Revelle, and E, €. Allen, Bull, Serippe Inat.
Ocsanagr., aiv. Calif., Teck, Ser., 3,231 (1934); K, Bech, Acls Acod, Aboemais, Math. et
Physica, 11, Mo, 5 (1938); Sverdrup of al., ap. ity p. 250,
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The entire effect of Kiis only 7.4 per cent. 1f for the possible ervor in
K4 we allaw the amount of the full range between K; and K&, we
will estimate the possible error in 5 from this source a& 7 per cent,

The error introduced in the value of § by an error in pH can be
calculated by differentiating Equation {10} with respect to —log
(I1*), In this way we find

d5 . (H*y
d_{p_H:i—-“IaAzxuj i_ET"T-T-.}K;}’- {17)

At pH & a change of onc pH unit gives a change of 0,36 in §, or 16
per cent. 1 we assume that the uncertainty in the exact average pH
aof the ocean is 0.5 pI unit, we place an error of § per cent on the
amount of dissalved carbonate.

The variations in alkalinity which have been observed in water
from various sources by different investigators ameunt to about 4
per cent. We may take this as  measure of the uncertainty in 4.
Combining the crrors from Ki, pH, and A, by the square root of the
sum-of-squares method, we place an uncertainty of 11 per cent on
the value of S.

Using the values of Ky = 1.26 % 10", Ki = 741 % 10~ pH =
8.0, and A4 = 2.37, the solution of Equation (10) gives for .5 a value
of 26.2 milligrams of carbon per kilogram of sea water, or 7.13 gm/
em? of earth's surface. This corresponds to a total mass of 3.7 10
grams of carbon. [n addition to the dissolved inorganic carbon, there
ie found in solution in the ocesn a considerably gmaller amount of
organic carbon (not living), The best value for this appears to be
bout 2 mg. per liter, according to Sverdrup ef al.* This corresponds
to 0.59 gram of carbon per square centimeter of the carth’s surface.

The amount of carbon in living material is difficult to estimate and
appears to have been grossly overestimated by some writers in the
past. We will base our estimate on the rate of fixation of carbon by
photagynthesis, o quantity which appears to be fairly well estab-
lighed." Fortunately it can be shown that hiesphere carbon is small
compared with acean earbonute, and therefore an error in the estima-
tinn of it will not be of great importance to our use of this quantity.

The total rate of fixation of carbon by land plants has been in-

13, O cil., . 250,

14, K. Rabinowitch, Phalspenibesis and Relaled Processes (Wew York: Inter-Seience
IMaldishers, 1ne., 1948), chap. i,
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vestigated by Schroeder,”™ who concluded that the average annual
fixation by this source is 1.63 » 10" grams, or 3.2 mg/em® of the
carth’s surfuce, Riley™ made an investigation of the fixation by ocean
plankton and arrived at e figure of 30.5 mg//cm? of earth's surlace for
the average annual rate, Rahinowitch! estimates that on the hasis
of the solar energy flux, reflection losses, and photosynthetic ef-
ficiency, not more than 60 mg/em® of earth's surface could be fixed
annually, indicating that Riley’s figures could not be too low by any
large factor. On the other hand, it appears that the cstimate of
Vernadsky," who gives 2000 mg/em? for the carbon content of the
hicsphere, with renewal several times a year, is cnergetically im-
possible, We will use the sum of the values given by Schroeder and
by Riley as the total annual rate of fxation of carbon; namely, 33
mg/em? of the carth's surface,

The total amount of carbon contained in the biosphere at any time
will he given by the fixation rate times the average length of time
a given carbon atom spends in the biosphere, if 2 steady state exists,
An estimation of thiz time is somewhat casicr than might appear on
first glance, since %0 per cent of the fixation is by ocean plankton,
which are minute organisms of very short life. Furthermare, even the
carbon contained in longer-lived organisms decz not in general
have a time of residence in the organism equal to the life of the
organism but rather less Beeause the material of the organism is
replaced a number of times during its lifetime. A maximum value for
the average time the carbon atom spends in the bicsphere seeme to
be & few years. Since carbon in the biosphere is guch a emall [raction
of the total exchange reservoir, 4 mors exact treatment appears un-
necessary. Taking 10 years for the average carbon life, our caleulated
hiosphere inventory will be 0.33 gm/em® of the earth’s surface, which
will prove to he only some 4 per cent of the total in the exchange
reservoir, a8 has been shown in Table 1.

We may check this cstimate against measurements which have
Leen made of the ratio of living matter to dissolved organic carbon

15, G, Schrovder, Nefwrwiss,, 7, &, 96 (1119),

16, . A, Riley, Bull. Bingham Oceanogr, Coll,, 1 1 (1941}, quoted by Rahinowiteh,
ap.eff,, . 6,

17, D gil,, pa Gu

18, W. J. Vernadsky, Geschenie {nr ansgrodbilen Kepileln (Leipais: Akademische
Verlagagesellschaft, 19300
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in the ocean. A number of such measurements have been made by
several ohservers, ' and the ratio of disselved to living matter has
heen determined to vary between 300:1 and 2:1, The low figures
are found only in relatively small arcas near shore where there is
intense biological activity. The larger ratio, which was established
for the desp water of the open ocean, was probably considerably
nearer the average for the ocean as a whole, The estimates which we
have chosen for these two quantities give a ratio of 2:1, again indi-
cating that we have nol underestimated the amount of carban in the
hiosphere.

The mast likely way of appreciably increasing the holdup of the
biosphere s by the assumption that a considerable portion of this
material spends many years in glow decay as humus or ocean zedi-
ments before it is recirculated, The available evidence far the ocean
gediments scems to he that the major part of the dead material
dissolves during the settling process and that little of it ever
reaches the eccan floor.™ This makes it unlikely that this fuctor could
inerease appreciably the importance of bissphere carbon to the size
of the exchange rescrvoir.

The amaunt of carbon dioxide in the atmosphere has been deter-
mined by several people. The values arc: Buch,* 0.12 {polar) to 0.13
{trapical and continental); Paneth,™ 0.12; and Vernadsky,® 0.12.
We will use 0.12 gm/cm’® of the carth's surface for the amount of
carbon in atmospheric carbon dioxide. This is equivalent to CO;
partial pressure of 0.21 mm. of mercury, or a concentration of
(.028 per cent.

T addition to the dilution of cosmic radiecarbon by the carbon of
the exchange reservoir, some 15 being removed constantly by incor-
poration in sedimentary rocks as they form. This rate of loss of radio-
carbon will be estimated, The rates of deposition of caleium carbo-
nate in the sea are not at all well established. Various estimates can
be made on the basis of the total amount of calcium carbonate that
has been deposited, the hicarbonate contents of rivers emptying

10, Sverdrup of al., ap. sil., p. 250, W, Fhid., p. W0Z.
. K. Bueh, Aeis Acod. Aboensis, Math. ef Physica, 11, No, 12 (1539).

13, F. Paneclh, quated by G. I Kulpes, The Afmaspheres of the Earth amd Planels
{Chicago: Usiversity of Chiengn Press, 1948), . 1

23, O eil,
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into the sea, and the direct observation of the rate of formation of
ocean sediments. For example, Brown™ has caleulated the fellowing
inventory of carbon in the sedimentary rocks: in shale, 5.45 x 108
grams; in sandstone, 0.20 3 10¥ grams; and in limestone, 3.67 X
10% grams—a total of 9.3 % 10 grams of carbon. If we assume uni-
form deposition over a 2-billion-year period, we have a yearly loss
rate of 5 ¥ 107 grams, which would remove only 6 grams of the
9800 grams of radiocarbon produced each year. This may be low
hecause recycling may be important, and the other methods give
somewhat higher hgures; but it seems likely that the total removal
by formation of sedimentary deposits {s probably less than about
3 per cent.

We may conzider now the question as to whether or not the vari-
ous portions of the exchange reservoir are sufliciently well mixed o
that they are completely efficient in the dilution process. The uni-
form distribution of radiocarbon throughout the reservoir will result
only il the various mixing processes are complete in a time short
compared with the average life of radiocarbon (8033 years; the aver-
age life Is longer than the hall-life by 1/In 2). From the estimated
photosynthetic fixation rate given above and the total material in
the exchange reservoir, it can be calculated that a time of the order
of 250 years would suffice Lo turn over all the carbon through the
biosphere, This insures that the thin layer of the reserveir at the sur-
face of the earth and of the ocean will be well mixed. The main
question is whether or not the depths of the ocean and the upper
reaches of the atmosphere are mixed.

Considering the latter first, we note that the radiocarbon is pro-
duced et great heights (Fig. 3), the neutron intensity reaching a
mecimum at about 40,000 feet and falling off considerably by 70,000
feet. At this altitude the air pressure is 3.5 mm. of mereury, Excel-
lent and rapid mixing is well established in the troposphere, the
adiabatic portion of the atmosphere in which most weather phe-
nomens. occur. In the meteorological “standard atmosphere™ the
tropopanse, or boundary hetween the adiabatic troposphere and the
isothermal stratosphere, is assumed to be™ at 10.8 km. (36,000 fect).

4. H. 5. Brown, privals communication,

25, H, R. Byers, Gemeral Meteorolagy (New York: MeGraw-Hill Rook Cn,, 1944},
p 171, .
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However, the height of the tropepause varies considerably with the
season and with latitude, reaching 18 ko, (538,000 feet) in the winter
at 40° M. latitude, while in summer it may be found at 16 km.
(52,000 feet) as far north as 60° N, geomagnetic latitude.™ Thus the
tropopause 15 aotually above the altitude of maximum neutron in-
tensity some of Lhe time each year, Even the isothermal stratosphere
is not without vertical mixing. ™

The situation with regard to oceanic mixing i much less obvious.
Very little indeed iz known about the quantitative rates of convec-
tive mixing of the deep ocean hasing, Thilfusive mixing is of course
s extremely slow as to be out of the question.

From studies made of the circulation of the Atlantic (Ocean™ a
very rough estimate of the mixing time can be made. These figures
indicate that the rate of flow southward between South America
and Alrica at the equater is about 6 3 10° culiic meters per second
ut 3000 meters depth, This flow has been identified with Narth
Atlantic Deep Water produced in the Arctic regions, and much of it
reaches the Antarctic to replace water subsiding at the Antarctic
Convergenee. The situation is greatly complicated by the presence
of some six water masses interacting in an inveolved circulatory
pettern, but we may take this figure to represent the gross ex-
change of water between the North and South Atlantic at great
depths. The shallower water is mixed more rapidly by local complexi-
ties in the circulation pattern, and the surface water is characterioed
Iy well-developed patterns of rapid currents. The Antarctic Bottom
Water, which fills the decpest parts of most of the Atlantic, moves
slowly north below the southward current and is presumahly re-
turned to the Antarctic by gradual mixing with the North Atlantic
Deepy Water. The rate of the return ig not known, but the nerth-
ward flow at the equator is estimated at 1 > 10° cubic meters per
gecond.

Taking the volume of the Atlantic Ocean as 3.24 X 107 cubic
meters, we find the caleulated time of circulating the entire ocean
through the entire Deep Water current to be 1700 years, About 18
per cent of the Atlantic is below 4000 meters. Ti this water has a

2. C.G. Rouby. in The Almsspheres of the Earth and Planets, ed. G. P. Kelper
[Chicagoe: University of Chicagn Press, 1949), p. 2.

27, L, Spinger, Ir., ihéd., p. 221, 28, Bwenidrap of af, ap. il pp. 629 and 747 @
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circulation rate of 1 X 100 cubic meters per second, the time re-
uired to circulate it is 1800 years. Less is known ahout the Pacific
circulation, but it is thought ta be somewhat slower than that of the
Atlantic.

For isolated scas for which the annual inflow and outflow are
knawn, it is possible to caleulate a renewal time. Some of the figures
go obtained are: Mediterrancan, 80 years; Arctic Mediterranean,
165 years; and Black Sea, 2500 years, The valume of such seas makes
their importance in a general mixing process small, but the fgures
given are an indication of the order of magnitude of the time scale
invelverd.

A further argument in faver of complete mixing of the ogean
basins may be based on the following considerations: Ttis known that
heat is being liberated from the earth's crust at the rate of ahout 30
calories per square centimeter per year.® Presumably the evelution
of heat from the bottom of the sea is of a similar magnitude, as In-
deed recent measurements by Revelle and associates in the deep
Pacific have shown.™ Owing to this heat evolution, one might expect
rugions of temperature Inversion to develop near the ocean bottem,
especially in arcas of peor circulation. To transfer this amount of
heat by molecular conduction would require a thermal gradient of
8 X 10470, per centimeter, assuming the conductivity of water to
be 0.0013. If a layer 1000 meters thick at the bottom were cooled
enly by molecular conduction, a temperature difference of 80° ¢,
would be required. Naturally, turhulent eddy circulation patterns
would be st up at much lower gradients, and & more efective
mechunism of cddy conduction weuld eperate to remove the heat,
Such eddy circulution would be equally efficacious in the transfer of
dissolved carbonate, and a very cfficient method of maintaining
the radiscarbon equilibriom would arise. Tt can be caleulated,
for example, that a temperature gradient of 1.6 3 10-* °C, per
centimeter would require a coeflicient of eddy conduction some five
hundred times the molecular coefficient for the transfer of the postu-
lated amownt of heat, This is quite small as eddy coefficlents go,
ginee they often range up Lo 10% or more times the molecular eo-

20, K. C., Bullard, Nalwre, 188, 35 (1045).

i, Roger Revelle aml associates, Jerivale communicatinn, They find 38 calories
Jeer square eenilmeter por vear,
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efficients. Such an eddy circulation operating at a depth helow 4000
meters can he shown to be adequate to mix the ocean depths suf-
ficiently so that the azssay of radioearbon at &000 metcrs would be
W) per cent of normal with an integrated cffect of only 1.4 per cent
on the value of the specific activity,

Few cases of temperature inversion in the deep ocean have been
catablished, The inversion gradient shown in the above calculation
is that observed in the Mindanao Trench® and iz almost exactly
equal to the gradient which would be produced by adiabatic com-
pression; that is, there is no density inversion, the density of the
waler being constant with depth, However, the smaller the thermal
gradient, the larger the coefficient of eddy conduction required to
transport the heat. Without specifying the nature or source of the
circulation, we merely peint out that if 30 calories per square centi-
meter per year are being evolved [rom the occan floor, & certain mini-
murm rate of circulation must exist in order to prevent the develop-
ment of large thermal gradients, The above arguments are of course
qualitative, since Lurbulent eddy circulation is not amenable to
caleulation, However, if the assumption of the specified heat evelu-
tion is correct, the abaence of appreciable thermal inversions near
the ocean bottom would seem to indicate that the mixing is very
pood Indeed on our time zcale,

Lt has not been possible to obtain samples of dissolved earbon
from the very deep ocean, so that experimental evidence on the mix-
ing time is not at hand. It would appear that measurements of this
kind might be of considerable oceanographic interest and might shed
some light on the problem of eirculation in the deep basing, It is to be
noted that collection of the deep water must be done with care, g0
that particulate material on transit from the top to the bottom and
probably in equilibrium with the hiosphere will not be taken as part
of the sample proper. [t scems likely that matter falling through the
deep water would not come into exchange equilibrium with dis-
solved material,

Wi arrive finally, therefore, at the numbers given in Table 1 and
a total figure of 8.3 gm ./ cm? of the carth’s surface for the carbon in
the cxchange reservoir, The uncertainty in this value for the total

A1, Svenlrug o al., op. eil, p. T30,
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carbon in the reserveir we place at about 15 per cont, most of this
error being in the estimated uncertainty in the value for ocean
carbonate, since it is the largest single item in the reservoir, It is
interesting to compare our numbers with a similar set given by
Rubey.® Dr. Rubey's numbers are 7.85 gm/cm? for the total, con-
sisting of 0.95 for ocean and fresh water, 0,125 for the atmosphere,
and 0.775 for living organisms and undecayed organic matier.

We shall turn now to the question of the present production rate
of radiocarbon as judped from the sheerved neutron intensity in the
atmosphere, assuming essentially quantitative conversion of atmaos-
pheric neulrons to radiocarbon by Equation (1). As stuted previous-
ly and shown in Figure 3, the neutron intensity increases with alti-
tude from sea-level up to about 40,000 feet in an exponential fashion,
with a hali-thickness of about 1 meter of water equivalent, Above
40,000 feet & maximum is reached, followed by a rapid decrease,
indicating very low intensity at the very top of the atmosphere, in
agreement with the principle that the neutrons are secondary in
arigin, being produced by the impact of the primary cosmic radia-
tion on the atmosphere. In addition to the altitude dependence, the
neutren intensity shows a strong dependence on geomagnetic lati-
tude (Fig. 2),* the intensity at high latitudes being about four
times that at the geomagnetic equator,

The measurements on neutron intensity which we use for our
calculations of total intensity have been on the thermal component
as defined by cadmium absorption for a boron detector. We shall
take this to mean that that fraction of the neutron spectrum lying
below 0.4 ev has been measured, and, in order to caleulate the total
number of neutrons per square centimeter, O, and its world-wide
wverage, {J, we must determine theoretically the probable ratio of
the total intensity to the thermal intensity. Bethe, Korff, and
Placzek® and Placzck® have considered the problem in detail. Fol-

32, W, W, Rubey, “Geclogical Evidence Regarding the Source of the Earth's Hy-

tlrusphere and Atmedphere,” Science, 102, 20 (19500; and suiuemn, 1950, meeting af
the Natienal Academy of Sciences.

33, L. C. L. Yuan, Phys, Bev., T4, 504 (1948); 7o, 1267, 1268 T1WEW); 77, T28 (1080):
L. C. L, Yusn and K. Ladenburg, Bwil. Am, Phyr, Sae., 23, No. 2, 21 LCETN

M. L. C. Anderson, Ph.iD. thesls, Unbversity of Chicago {1949).,
35 H. A, Bethe, 8, A, Korff, and G, Placzek, Phys. Kev., 87, 573 (19040),
36, G, Placeek, Phys, Rev., 69, 423 (19496).
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lowing them and using the later data of Melkonian® together with
the data in the Massachusetts Institute of Technolagy valume,™ we
shall assume that in the range 0.4 cv to 0.5 mev the total cross-
sechion in unils of 10-% cm.? for air i given by

o= 8564 (02668, (18)

and that the capture cross-section is given by
om0, 206/ F0 (11

The expression for the ratio of the total number of neutrons gener-
ated to the number which reach the thermal range is ¥, where v is
given by

1 P
y=izs ), relEl ek, (20)

where the number (0,124 is the [ractional energy loss in elastic col-
lision with the average air atom, the bond strength being neglected.
Integration and subatitution give 0,79 for the integral and the calcu-
lated ratio of total production to thermal population of 2,20, It is
clear, however, that one must consider the effect of the very strong
bends in the nitrogen and oxygen molecules on the cooling process.
Study of the analogous problem of the effect of binding on the neg-
tron clastic and inelastic cross-sections for hydrogen® leads us to
expect that ne large crror is made in neglecting the hinding for conl-
ing down to the cadmium cut-off of 0.4 ev, which is 1.5 vibrational
quanta for the average air molecule,

It is necessary to make a correetion for the absprption above 0.5
mev. It has been shown hy Barschall and Battat,® Johnson and
Barschall, and others,® that resonance production of radiocarbon
oceurs in this range at cross-sections rising to & maximum of 0.1
107* ¢m.* and fulling to abeut 0.01 X 10-* cm.® in the range 0.5
mev to 2.0 mev. To obtain a probable upper limit for the capture
contribution in this high-encrgy range, we assume that only elastic

A7, E. Melanan, Pl Rer,, 76, 1750 (1949),

8. Sefence umd Engineering of Nuclesr Power (Camlebilge, Mass,; Addissn-Wesley
Pecas, 1947), 1, 408-11,

9, H, A, Rethe, Rev. MWad, Phyr,, 9, 12227 (1937},

1. H. H. Barschall anid M. E. Bartar, Phys, Rea., 70, 245 (1946).
41, C.H. Juhnsos and H. H, Darschall, Phsa. Ree., 80, 319 (1950).
42, Seience and Engineering of Nuelrur Pearer, 1, 408-11,
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geattering occurs and that an average capture cross-section of
0,035 2 107" em.” applies throughout the high-cnergy interval. This
gives an additional contribution of 7 per cent to the ratio of total to
thermal neutron population. The corrected ratio is 2.36. The value
of { is now to be obtained at any given latitude by integrating the
ahserved intensity under the intensity versus altitude curve (eg.,
Fig. 3) and multiplying this observed intensity by the number
2.36. For this purpose we choose the data of Yuan and Ladenburg,®
Figure 3, oblained at Princeton, New Jersay, which give 1.9 as the
number of slow cosmic-ray neutrons absorbed per second per sguare
centimeter of earth's surfuce at that latitude. Using Simpson’s data™
(Fig. 2) for the variation of (J with latitude, and integrating over
the surface of the earth, we find for the average theemal flux 1.1
thermal cosmic-ray neutrons per square centimeter per second.
Finally, multiplying by the ratio of total production to thermal
neutrgn population, we obtain 2.6 as the most likely value for (0, the
average total production of cosmic-ray neutrons per square centi-
meter of earth’s surface per second, Considering the various sources
of error in this figure, it seems that it probably is good to about 20
per cent, though there is, of course, considerable possibility that the
errar is eomewhat larger or smaller than this.

If the figure 2.6 for the average total production of cosmic-ray
neutrons per square centimeter of earth’s surface per second, ), is
correct, and thiz intensity has remained constant over the last
several half-lives of radiocarhon, we can caleulate an expected spe-
cific activity for the carbon in the exchange reservoir of (2.6 3 60)/
8.3, or 188 + 5 disintegrations per minute per gram of carbon.
This is to be compared with the vhserved mean value (Table 2) o
6.2 & 0.5. Roth of these numbers are for the average carbon in
the inventory and are very close to the number expected for carbon-
ate carbon, which is some § per cent higher in its radiocarbon content
than biological carbon. The agreement between these two values is
gratilying and suggests that no major factors contributing to the
situation have been overlooked, although it does seem possible that
the agreement may be due in some part to cancellation of errors.

The possibility that the amount of carbon in the exchange reser-

43, L. C. L. Yuan and K. Ladenlacg, Ball, Am, Phye, Sec., 23, Ne, 3, 21 (1%48).

#, E. C, Andersan, Ph.TD, thesis, University of Chicage (1945).
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woir has altered appreciably in the last 10,000 or 20,000 years turns
almost entirely on the question as to whether the glacial epoch,
which as we will sce later appears to reach into this period, could
have affected the volume and the mean temperatures of the oceans
appreciably. Antevs,® Daly,*® and Flint® give 90, 85, and 102
meters, respectively, for the lowering of the seas helow the present
lewel during the last loe Age, Thisis to be compared with the mean
depth of 3800 meters, so we may expect a decrease in the volume
of the sea by about 5 per cent during this period, the actual magni-
tude depending on the extent of the continental shelf in shallow
regions in this sea, This cffect in itscli would lead to an increase in
the specific activity of carbon formed during the glacial epoch by
ahout this same percentage. Tn addition, there is the question of
the mean temperature of the oceans and whether this has varied ap-
preciably, An increase in mean temperature would act to increase
the carbon in the rescrvoir, and & decrease in mean temperature
would decrease the inventory, Bearing in mind that both of these
effects will be unimportant unless the altered conditions last for a
time of the order of magnitude of the mean life of radiocarbon
(8033 4 50 years), we find it difficult at this stage to make correction
for these effects. [t dees scem possible, however, that tha certain
decrease in velume and the possible slight decrease in temperature
might raise the specific activity of carbon in the exchange reservoir
during the glacial maximum by 5 or 10 per cent, causing an error
in the dircction of making glacial material appear somewhat too
young. We can estimate from the decay equation

= fyemir, (21}

in which fy i3 the original specific activity and + is the mean life,
that the error in the age will be given by

A r\{ f) +(M. (22)

in which Al is the error in the determination of the specifie activity
of the ancient material and A7, is the error made in assuming that

45 Awm. Geag. Sor., Res. Ser., No, 17, pye. 7482 (19280,

4-!:; Changing Warld of the Tre Age (New Havew: Vak Univerzily Press, 1934),
-

7. Gluciul Geology and the [eiatosene Kpock (New Yorke John Wikey & Sons, 1947),
- 435
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Iy has the modern value of 15.3 for arganic matter or 16.2 for shell
and inorganic material, From this we see that a 10 per cent error in
Fy wauld make our glacial ages too young by some B0 years. As
further infarmation becomes available on the chronology of the
recent ice ages, it should be possible to make & more accurate corree-
tion for this effect. It is to be hoped that Professor Urey's determina-
tion of prehistoric temperatures by the O content of fossil shel|4#
will give quantitative information on the mean temperature of the
oceans in recent glacial times, With such data one then can caleulate
the expected change in the principal item in the inventory, the inor-
ganic carbon in the sea. The data available at present sugpest that
the temperature correction will not be large, though it must be
borne in mind and considered to be a source of uncertainty.

It seems quite likely that the amount of living matter on carth
will not geriously affect the specific activity, for the reason that it
constitutes such a emall fraction of the tetal inventory in the reser-
voir and probably has always held this minor position. The gituation
would appear to be similar for the other two items in the inventory,
the dissolved organic material in the ocean and atmospheric carbon
dioxide.

The guestion of the constancy of the cosmic radiation intensity
is much more difficult to answer. One feels that it is not unlikely
that the intenzity has remained constant in the sense we demand;
namely, variations in the average intensity over periods commen-
surate with the lifetime of radiocarboen, since it appears to be a
phenomenon onginating in the cosmos and therefore probably ticd
to u time scale similar to that controlling the intensity of soler
radiation, However, it is not obvious a prior that this is true, and
wee must admit the possibility of variations having oceurred. Ahount
the only sources of information on this poeint discovered go far have
been the agreement between the specific activity of the present-day
inventory and the observed present rate of production and ohserva-
tion that ancient materials of historically known age appear to

AR, HL O, Urey, Science, 108, 489 (1948); ], M. McCrea, J. Chem, Phys., 18, 840
(1950); 5. Epatein, K. Buchsbaum, IT, A, Lowenstam, and IL. C, Urey, “The Carbonates
Water Tantapie Temperature Seale,' Biell, Gealapleal Saciery af Awerdea, 62, 417 (1951);
H., C. Urey, H. A. Lowenstam, 5. Fyatein, and C. K. McKineey, "Measurement of

Paleotemperaturet aml Tengmratures of the Upper Cretaceows of England, Denmark
and the Southeastern Unived Seaves," Bull, Cealapleal Saclely af Ameriea, 62, 309 (19511,
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exhibit the radiccarbon content calculated on the assumption that
their original assay was identical with that of the modern reservoir.
We have seen how uncertain the experimental information on the
present rate of production is and are therefore forced Lo conclude
that agreement between this rate and the radivactivity of modemn
meterial, which of course reflects the production rate as of some
S000 years ago- -since the earbon atoms now found in medern wood,
for example, are S000 years old on an average—is not & very firm
proof of the constancy and intengity of the cosmic radiation, Tt does,
however, agree with this pestulate, The rather satisfactory agree-
ment between the predicted and observed radiocarbon contents of
organic materials of historically known age (Fig. 1) is somewhat
mare reassuring. Taking the oldest materials with an age of some
400 years, we observe their radiocarbon content, which was of
course due to an average production some 000 years previous to
their cxistence, or some 12,000 years before the present, appears
within the experimental error to have been the same as at present,
This of course assumes that the size of the reservoir has not changed
simultaneously and in a compensating manner. However, for the
reasons given alwve we do not think that a significant facter of this
sort is very likely. Considering the matier empirically, we are ap-
parcntly justified in zaying that, whatever the reasons, the specific
activity of living matter has not changed significantly in historic
times, and the problem resolves itsell into consideration of possibile
variations restricled to the prehistoric peried encompassed by the
radiocarbion dating methed.



CHAPTER IILI
HALF-LIFE OF RADIOCARRBON

HE half-life of radiocarbon has been measured soveral
I times, Table 4 gives the results obtained, togcther with
the method of measurement. It is clear at aplance that the
carly measurements in which the amount of radiocarbon in the
sample being measured was based on estimated bombardment yield
gave high values. The later measurements hased on mass spectro-
metric assuys divide into three groups, according le the method of
measurement: (o) counting of solid harium carbonate with thin
window counters; (&) gas counting with the carbon disulfide -carlon
dinxide mixture described by Miller and Brown;® and () gas count-
ing with CO. either as a small additive Lo the standard argon-aleshol
counter gas or a8 COy-methane mixture in the proportional counter,
Miller f a/.* have given evidence that the latter group is more nearly
correct, It seems on first principles that the paint of 100 per cent
efficiency [or ionizing radiations is mest definitely settled in the case
of standard argon-aleohol gas mixtures and probably in the case of
the praportional counting technigue, The first group, wsing the salid
barium carbonate technique, seems to be subject to more errors in
that more serious corrections for scattering and absorption are in-
volved. The sccond group presents answers which are not clear in
their significance, and the discussion of Miller af al.* casts consider-
able doubt on the validity of the results obtained by this technique,
Therefore, in seeking the most probable value for the half-life of ra-
diocarbon, we select the three values determined by the gas-counting
technigue with ardinary gas mixtures. They are 5580 + 45; 3559 +
L. W W Miller, Sefence, 108, 123 (1947); 5. C. Brown and W, W, Miller, Bre. Sei.
fast., 18, 496 (17 ).

2. W. W, Miller, B. Ballentineg, W, Bernatein, L. Friednaan, A, O, Mier, and 1, T,
Fvans, Plyr, Rev., '3, 714 (1950).

A P,

4. Ao (5. Engelkemeir, W. H. Homill, A, G, Inghram, and W, F, Lilly, Py, Rev,,
75, 1825 (1949); A, G, Engelkemueir and W. F. Libly, Rer. Sei. Fral,, 21, 580 (1080,
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75;% and 3513 £ 165" for a weighted average of 5568 £ 30, where
the weighting was taken according to the inverse square root of the
errors quoted.

In ovier to exhibit evidence as to the reliability of the half-life we
chooge, we shall discuss in & little detail the methods used in our
laboratory™ to obtain the value 3580 + 435, These of course are very
similar to the method uged by Jones® at Los Alamos also, The first
point is the evidence for the ability of the standard argon-aleohol-
filled Geiger counter to record any ionization event preurring in the
gas phase except for the small volumes near the end where the electri-
cal field is reduced; in other words, the evidence for 100 per cont
cificiency as one moves from the wire to the very wall of the counter,
The proof is not completely rigorous, hut the evidence strongly
favors this conclusion. In the first place, it has been known since the
discavery of Geiger counters that o counter can be made to record
photoclectrons emitted from the wall if the wall is made of the
proper materiale, Phatoelectrons cannot well have over 2 or 3 vaolis
of kinetic energy and therefore have an extremely small range of
their own end no ability to ionize the gas molecules, We therefore
conclude that single clectrons introduccd right at the wall are
recorded with o not negligible efficiency by a good Geiger counter,
Further evidence on this point is that counters made with ap-
propriate materials such as cesium-coated walls must be coaled
to avoid an extraordinarily high background which is presumahly
due to the emission of thermionic electrons from the wall, ‘These elec-
trons of course have even lower cnergics than the photoelectrons,
ranging around 0.03 ev, so again we see that electrons introduced at
the very wall with encrgies helow innization encergiea can be recorded
in these instruments. Neither of these arguments shows that the
ingtrument records in the low-energy range in the wall region with
100 per cent cfficiency. It does show, however, that the efficicney
15 not zero for even the lowest enengics.

The argument as to efficicncy rests almost entirely on two lines

5. WL ML Jones, Phye. Rer, 76, 855 (19400,

6. W. W. Miller, K. Enlleniine, W. Bernsieln, L. Frislman, A. (0. Xier, and R, I
h.'."ma. Fiyys, Reva, 77, 714 (19500,

7. A. G, Engelkenoeir ef af., Phys, Rev, 75, 1825 (1949); A, G, Engelkemeir aml
W, F. Lildy, Rex. Sef, Prar, 21, 550 IWSD}
B Phys, Kev, 76, 285 (1045),
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of evidence. The first is an experimont in which three counters are
set in a line with thelr axes parallel and connected electrically so
that, when the first and third counters fire simultancously, observa-
tion is mede as to whether the middle counter fires.® The simultane-
ous firing of the first and third counters is due to o penetrating ra-
diation which passes through hoth instruments, presumably in a
straight line, and thorefore certainly passes through the middle
counter. These obaervations show that the middle counter does fire.,
The middle counter then is displaced in a direction perpendicular
to the line joining the first and third by a small amount, and the
observation repeated. The displacement is continued until the very
edpe of the counter just is in line with the very edges of the first and
third counters, It iz then found that there is a very abrupt disappear-
ance of sensitivity of the middle counter. Purther evidence has been
obtained in our own researches, as described later, in which we shield
the: counter measuring vur samples from penetrating cosmic radia-
tion by sureounding it with a single layer of counters in tangential
contact. [n a typical experiment we find that without the shielding
counters connected our central working counter records a rate of
some 120 counts per minute, whercas the rate is reduced to ahout
T counts per minute by connecting the shiclding coupters. The
residual 7 counts per minute may well be due to contamingtion in
our central eounter or to radiation coming in the ends where our
shielding-counter array affords incomplete coverage. We thus con-
clude that at least 95 per cent and probably more nearly 100 per cent
of the radiations passing through the counter bundle are recorded
by the counter bundle and therchy written off the record. More to
the point, however, is that experiments in which we have added o
second layer of counters have not significantly reduced this Lack-
ground, This seems to have the interpretation that cownters in tan-
gential contact possess nearly a 100 per cent efficiency throughout
their valume.

The seeond gencral line of evidence is the internal consistency ob-
tained in the measurements on the hali-life of radiocarbon hy using
counters of various diameters, as discussed later. [F the basic assump-
tion of limited efficiency were not true, it seems clear that the con-
sistency would be reduced. The assumption therefore was made in

0, K. Greisen andl X, MNercson, Plye. Ber, 62, 316 (1'42).
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these researches that a standard brass-wall Geiger counter filled
with argon and ethyl aleohol at typical pressures of 7 em. of mercury
pressure of argon, and 1.2 em, of mercury pressure of cthyl aleohal
would record any fonizing event that invelved so much as a single
ion pair in any part of the volume betwesn the counter wire and the
very surface of the hrass wall.

With this assumption the task of measuring the half-life of radie-
carbon is reduced to three parts. The first is to determine the end
logs, that is, the effective volume at the ends of the counter where
the field is so weak that radiations appearing in the gas are not re-
corded, The second task is to make correction for the case in which a
radioactive carbon atom expels its beta ray in the direction of the
wall but lies 8o close to the wall that it does not suceeed in ionizing
the counter gas before entering the wall, and then the ray enters the
wall and remaing in it without ejecting secondary ions fram the
wall. This is called the wall correction. The third task is of course to
measure out & known number of radiocarbon atoms into the counter
and to ohserve the disintegration rate. Correcting for the end and
wall loeses, ane then can caleulate the absolute disintegration rate
and half-life.

The method used to obtain the end-lass correction is the ohvious
one of taking a set of counters of a given diameter but of different
lengths, filling them with a given pressure of radioactive carbon
dioxide, and observing the count rates, One then takes the difference
between the rates observed for counters of two different lengths as
the rate one would observe for & counter of length equal to the dif-
ference in length but with no end loss and from this caleulates the
end losz observed in the two counters. Using this technigue and
counters with flat ends made of lucite plastic plugs, so the construc-
tion of duplicate counters would be simple and the ohserved end
corrections generally applicuble, we have lound that the end corree-
tions are primarily dependent on the length-to-diameter ratio, For
example, a counter 12 inches long and 2 inches in dismeter has nearly
the same percentage end loss as one 6 inches lang and 1 inch in di-
ameter, In addition, the correction iz extraordinarily independent of
energy for bete emitters up to 0.74 mev upper energy limit. Three
substances were used for this study : A¥, which emits 2.8 kev Auger
electrons; CM with a beta spectrum with a 154 kev upper limit;
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and Kr* with a beta spectrum of 740 kev upper limit. The results
are shown in Figure 5. The correction can be expressed empirically
Iy the equation
y=K/{L/D~K), (23)
where K has a value of 0.275 £ 0,19
The second correction on the count arises from the possibility
that a radicactive carbon dioxide molecule that happens to dis-
integrate near the wall and to fire its disintegration electron in the
direetion of the wall will cither fail to produce a free electron in the
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izas itself o fail to dislodge one or more from the wall, At fiest glance
this seems unlikely to be a serious effect, and it is indeed a zmall
effect, but one lange enough to require & correction. It is clear that
the effect s proportional to the surface-to-volume ratio or should
vary imversely as the diameter of the counter. One therefore can
compare the shserved count rates as a function of the diameter of
the counter after the rates have heen corrected for the end loss and
empirically determine the magnitude of the effect. Measurements
with Kr* have given" a correction of 6.9 £ 1.1 per cent for 1-inch

I Engelkemelr and Lildig, Rer, Sef. Twer,, 20, 550 {1930, 1. dhad,
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diameters, 4.6 £ 0.7 per cent for 1.5-inch dinmeters, and 3.4 + 0.5
per cent for 2-inch diametor counters, Tt is also clear that the effect
should increase with the energy of the radiation emitted, since the
number of ions formed per unit length of path decreases as the energy
increases. In keeping with this, no wall losz was found for the very
soft 2.8-kev radiation from A¥, We therefore can expect that for
radiocarbon with energy intermediate between these two substances
the correction should he of the order of 2-4 per cent depending on
the diameter of the counter. Tha (Y data themselves indicate this
to he so: for 1-inch diameter counters 3.5 + 1.2 per cent; for 1.5-
inch diametors 2.3 £ 0.8 percent; and for 2-inch dismeters 1.3 + 0.6
per cent are the values found,
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It is possible to estimate the magnitude of this correction semi-
empirically by considering the data for the density of ionization pro-
duced by heta rays of various energies.' Using these data and aver-
aging over the known beta spectrum of radiocarbon, ene caleulates
the mean thickness of the gas near the wall which fails to count.
This is a Getitious physical coneept, of course, since part of the gas
even next to the wall will fire its beta raya into the main body of the
counter and certainly record a count. The second component of
the semi-empirical calculation iz the effect of splashing-out of
gecondary electrons by the clectron incident on the wall, Data for
this phenomenon are known for brass surfaces,” since they are of
great importance in the operation of the standard photomultiplier
tube. The results of this calculation are given in Table 3.

It is interesting to see how well the semi-ecmpirically caleulated
corrections agree with those observed experimentally, The first half-

12. Fhiu 14, Fhid.
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life published on the basis of the data oblained was 5720 + 47
years," in which the wall correction had not been made. The reality
of this correction was revealed by later research,™ and a correction
of some 2.5 per cent was made to lower the value to 5580 £ 45 years.

The radioaetive carbon dioxide used in the determination was ob-
tained from the Tsotapes Division of the Atemic Energy Commis-
glan, and four master-samples of carbon dioxide of different isotopic
compogition were prepared. These were carelully analyzed for the
C" contents on the mass spectrograph. The four masters were then
diluted by various fuctors to provide seven working samples. Since
the original compesitions were in the range of from 1 te 6 per cont,
dilution factors of several thousand fold were necessary to lower the
specific radioactivity of the carbon dioxide to a measurable value.
The dilution was accomplizghed by allowing part of the master-sample
to expand from its storage bulb into a McLeod gauge. A 0.3281-ce.
balt haed been sealed to the capillary of the McLeod, and the radio-
active COy was forced into this bully by raising the mercury. The
vicutm line was thoroughly evaceated and the pressure of COy in
the hulh measured. Tnert OOy was then used to flush the vacuum
line, and a pressure of inert C0y was allowed to build up so that, as
the mercury was bowered, inert OO was forced through the mercury
into the McLeod to a pressure of 40 or 50 cm, of mercury, The vacu-
um line then was evacuated, and the total pressure in the 503.1-cc.
MeLead volume was measured. After allowing to stand to mix, the
diluted zample was stored in & Lulb by condensation inte a trap al-
tached to the bulbusing lguid nitrogen. The temperature of the room
waus recorded throughout the process, and it was congidered that no
significant error was introduced in the dilution step.

The diluted working sample was introduced inte the counterin a
number of different ways, The most satisfactory of the procedures
was to intreduce a known pressure into a rather large bulb to which
& knowen pressure of argon was then added. After thorough mixing,
this gas mixture was then introduced into the counter, to which
some 1.2 cm, of ethanol vapor had previously been added. The count
rate then was determined to a fraction of a per cont crror, external
standards being used to check that the counter was operating with
its usual efficiency and corrections heing made for loss due o a count

14, Engelkemeir of of., Phyr. Ber., 78, 1828 [1989),

15, Engelkenstis sl Lilby, Kee. Sei. Just,, 21, 550 {1950,
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vecurring while the counter was busy with the preceding count {this
correction in gencral was quile small), Somewhat over 2 hunidred
measurements of this sort were made in the course of a twa-year pe-
ried, resulting in the value 5580 4 45 mean solar VCATS,

The agreement between our determination and those of Jones"
unel Miller e ol is gratifying and leads us to believe that the
weighted mean of these three determinations, 5568 £ 30, is prob-
ably accurate to within 50 years and almost certainly to within 100
years. The importance of an accurate value for the hali-life to the
radiocarbon dating technique is obvious, it being true that a 1 per
cent error in the hall-life appears immediately as a 1 per cent error
in the absolute age of any given sample. For example, a 10,000-year-
old sample could never be measured to better than 100 years under
such conditions. Tt is also equally clear that a chronology could be
developed in which the radiocarbon half-life was defined to be 5568,
and questions of simultaneity would not be incorrect even though
the half-life were indeed quite erroneous.

A further point in favor of a hali-life somewhere between 5000
and 6000 years is the result obtained with ancient samples of his-
torically known age (Fig. 1). One cannot use these data to decide
definitely between the various determinations of the half-life given
in the latter part of Table 4, Tt is conceivable that a careful research
devoted entirely to the most careful measurement of the specific
activity of the historically dated samples would give data of such
accuracy as lo distinguish between these values. Our own experience
has been that the fit of the data we obtained when we thought the
life to be 5720 was not any worse than the ane abtained at present
with the new life 2.5 per cent lower.1?

It is to be hoped that further measurements on the half-life of ra-
diocarbon will be made, preferably by entirely different techniques,
since considerable agreement by the present technique we favor has
already been obtained, This is impertant not anly for the radinearton
dating technique but for many problems in nuclear physics and
radiochemistry, where methods of measuring absolute disintegration
rates rather than relative rates are of vital importance,

16, Phys, Res., 76, B85 (1940,
17, Phys. Rev., 77, 14 (1950},

18. W. F. Libhy, E. C. Anderson, and J- B Ammobl, Sedence, 104, 227 (1049),
19, J. K. Arsaled and W, F, Tikdy, Seience, 110, 678 (1940,



CHAPTER IV

PREPARATION OF THE SAMFLE
FOR MEASUREMENT

technique is that the material measured contain the origi-

nal carbon atoms present in the sample at the time it died
or was deposited from the exchange resarvolr, This means, of course,
that the chemical form in which the carbon is bonded may have real
bearing on the validity of the result obtained, Chemical experience
clearly indicates that the covalently bonded molecules which con-
etitute the organic world are less susceptible of replacement of the
carbon atams by direct exchange than are the inorganic molecules
such as the carbonates. One therefore dots not fear particularly the
possibility that the carbon in carbonate, bicarbonate, or carbon
dinxide will exchange with the carbon atoms in organic structures
such a3 wood or flesh or cloth or charcoal. One docs worry con-
siderably, however, about the possibility that underground walers
washing over shell would cause an exchange.

On the other hand, putrefaction and chemical alteration are pos-
sible with organic systems, and one has to worry about whether a
given sample has been so altered. Of course it is olvious that in a
rich find where materials of various chemical forms exist ane has an
excellent opportunity to test whether alteration has accurred by ol-
serving whether the radiocarbon ages obtained from the various
chemicals present in the site agree. [t is clear that, if agreement is
found, alteration has not eccurred, for it is extremely unlikely that
shell and wood would be altered to the same degree, the chemical
reactions involved being so different in character.

1f one examines the nature of putrefuction reactions, ane observes
that, by and large, they involve a degradation of molecular weights,
“That is, large molecular structures are reduced in sice, and certain
structures are so large as to not be involved. Among these latter,
charcoal is most important. One does not anticipate that charcoal
will be altered by any sort of attack of organic systems. About all

L¥]
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that can conceivabily happen is that it would be burned to gaseous
carbon monoxide and carbon dioxide and so czcape, but it scems
clear that, if one does find carbonized material and carciully re-
mowves other material from it, alteration in the residual carbon is
extremely unlikely from a chemical and biochemical peint of view.
Materials such as wood, grass, and frozen flesh are most debatahle.
However, wood consista largely of very large cellulose molecules,
and, if one were to take care to geparate the smaller molecules from
wood, it seems very likely that alteration would be definitely ex-
cludedl, Likewise similar processing of filvous materiale such as
grass would he a gond precaution.

In the caso of shell material there is no chemical guaranty that the
material hag not been altered. 1t does appear, however, from results
of ours on radiccarkon content in ancient shells found together with
organic metter, and results of Professor Urey on the O content of
the oxygen in the carbonated shells! that shells which appear well
preserved physically have a good chance of being authentic. More
work is needod on this point, hewever, and at the present time it is
difficult to say of any given case whether shells will give reliable re-
sults. We look for evidences of alteration such as a powdery appear-
ance or chalky consistency.,

Our experience on woods and grasses and even peat material has
leen guite favorable in that we have very few evidences of altera-
tion and some rather striking cxamples of organic matter such as
twigs and leaves which have lain in the ground for over 10,000 years
and heen bathed by the underground waters, which apparently give
reliable results in that they check with well-preserved pieces of wood
found with them and also with the general stratigraphy and chronol-
ogy built up by the whale set of dates. We are therefore inclined to
recommend the materials normally found in about the following
wrder:

1, Charcoal or charred orgnic material such as heavily Tumed Long

2, Well-prezerved wood

3, Grases, cloth, and peat

4, Well-preserved antler andd similar hairy structures

5. Well-preserved shell

1. H. €. Urey, Seivace, 108, 459 (1948); J. M. MeCrea, J. Chem. Phys., 18, B0
[1950); 5, Eyatein ef al,, Bull. Geslagieal Saclety af America. &2, 417 [1951); H. €. Urey
etul., .Bnﬁ.%!ﬂﬂjﬁfﬂﬂ Saclely of America, 2, 399 (1931).
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We have had no experience with bone as such and believe that it
is a very poor prespect for two reasons: the carbon content of bone
is extrenely low, being largely in inorganic form in 4 very porous
structure; and it is extremely likely to have suffered alteration. 1t
is barely conceivable that measurements on bone might reveal that
some reliability could be obtained. However, because the quantitics
required are so large, and thers usually are other acceplable ma-
terinls associated with a find of bone, it docs not seem to be an
urgent matter to pursuc.

It is to be realized of course that our expericnoes with virious
types of samples must be taken in the light of the sctual chemical
processing we have used in the preparation of the samples for meas-
urement. A description of this process follows.?

1. The first step in each instance is carefully to examine the sample
and to separate cut as well as possible by physical methods the ma-
terial desired. For example, a piece of wood will usually be dirty and
is cleaned physically as well as possible, and perhaps the surface re-
moved by sawing or cutting so the danger of contamination is re-
duced. Tn the cass of finely divided charcoal from camp fires, it is
necessary carefully to remove intrusive rootlets and other matter
which might introduce modern carbon into the material. It is hoped
that eventually physical scparation methods may be developed to
the point where rather low carbon-containing soils can be examined,

2. The physically cleaned sample is then tested with hydrochloric
acid solution for calcium carbonate which may have been deposited
in the cracks and internal fissures by underground waters, IT any
effervescence of carbon dioxide is observed on this test, the sample
then is treated for several hours with about 1 N hydrochlaric acid
until effervescence ceases, after which it is carefully washed and dried
in a laboratory oven. This is & particularly important part of the
processing and should be condueted with real care. In the case of
materials containing considerable extraneous matter other than the
desired organic substances, the acid treatment frequently works Lo
purify the sample. For example, burned bone is treated with 1-3 ¥
hydrochlaric acid for 24 or 45 hours until the bone structure is dis-
solved, and the residual carbon, which of course does not dissolve
in acid, is then removed by filtration. In one or two cases colloidal

3, E. €. Anderson, J. K. Amnold, asd W, F, Libky, Rer. Sef. Inaf,, 23, 725 (1951},
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organic substances formed ag a result of treatment of charred hone,
andl this material was separated by dialysis of the acid solution
which concentrated the colloidal organic material and allowed scpa-
ration and drying and use of this fraction.

This acid treatment probably guarantess to o consideralile extent
against the incorporation of putrefaction products in that it would
heavily weigh against small organic molecules in that they would he
dissolved out as gases or resist the filtration or dirlysis steps,

3. This step consists of the controlled combustion of the sample,
il it iz organic in character, to form carbon dicxide, or the addition
of hydrochloric acid to evolve carbon dioxide if the sample is shell.

- Q9P
OO

Frs. 6. —Combustion and reduction line assembly

Figure 6 displays the apparatus in which the present step and sev-
eral of the subsequent steps in the procedure are conducted. The
combustion of the sample is carried out in the Vycor tube (4).
Oxygen from a standard commercial cylinder is passed over the
sample at a pressure slightly below 1 atmosphere, and the com-
Lustion gases are carried through hot copper oxide heated in o
Vycor tube by a [urnace (&) to complete the exidation by converting
carbon monoxide and possibly other gases to carbon dioxide. The
gas stream then is led through a dry-ice trap and Drierite tube to
remove residual water, Following this the gas is led through a con-
trolling stopeock () into two successive liquid nitrogen traps (C),
in which the carbon dicxide is condensed. The combustion is begun
by setting the flow rate with the control stopeock (D) while air is
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passing through the systom such that the pressure in the trap system
is about 10 em. of mercury with the high vacuum exhaust pump (1]
full an. Oxygen then is admitted and the flow adjusted threugh a
needle valve to maintain the pressure in the combustion system at
slightly below 1 atmosphere, The oxidation is begun by igniting the
sample with & torch applied externally. Some of the carly combus-
tions were conducted in an apparatus different from the Vycor
tube (4}, in which the sample was placed on the top of & vertically
traveling serew adjustable in position and the fire started on the top
end of the sample and the screw rotated to bring fresh sample into
the flame zone us combustion proceeded. The whole assembly was
inclosed in o glass bull to which the product oxygen was fed and
from which the product gases were removed continuouely. The
oxygen was introduced with little jets near the flame zone. This ap-
paratus is a slight medification of a standard apparatus uzed for ash-
ing samples of organic matter for the detection of traces of iodine.!
The important feature of the device is that enly the portion of the
gample actually burning is heated appreciably and that the hot gases
do not pass over the unhurned portions of the sample. 1t was par-
ticularly valuable in the combustion of flesh and similar materials.
However, the bulk of the samples are handled in the Viycar tube ().

The amount of material sclected for combustion, or acidification
in the case of shell, is determined by the carbon content of the ma-
terial, Tt must be such as to yicld between 10 and 12 grams of cle-
mentary carbon, which is equivalent to some 24 liters of carbon
dioxide gns. Tn the case of pure charcoal, of course, 10 or 12 grams
would be sufficient. Actually the charcoal is rarely this pure; some-
thing like a half-ounce or more is usually taken. In the case of pure
shell in which the acidification procedure is used, some 100 grams is
the minimurm. As a rough rule we suggest that in the case of mate-
rials of high carbon content at least 1 ounce per sample (28 grams)
he submitted and preferably several ounces. Tf the carbon content is
doubtful and no accurate analysis is available, at least a pound or
more should be collected.

4. The material condensed in the trap system at the conclusion

1 B C. Andersn, Pho), thesis, University of Chicags (19,

4, 0, M. Karns, Frd, Eng, Chene., Anal, Bd., &, ¥4 (1932); H. van Kelnitz and
R. K. Rensnglon, Dnd. Fig. Chem., Amai. 5., 8, 3K (1933); F. X, Gassner, fud. Erg.
Chem., Anal. Ed., 12, 120 (1940}
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of & run consists not only of earbon dioxide but also of the oxides
of nitragen, gulfur, products of incomplete combustion, and any
radon that may have been present in the sample. Radon is a noble
gos of rather high boiling point which i3 & radioactive disintegration
product of uranium, the ubiguitous parent of most of the radio-
activily in soils and rocks. This might well follow through the sub-
secuent ateps of the procedure and lead to a falsely radioactive final
product if chemical purification were not used. The chemical puriii-
cation therefore accomplizshes the removal of the bulk of contamina-
tion consisting of oxides of nitrogen and sulfur and the trace radio-
chemical contamination by radon, The purification is accomplished
in the following manner: A 1-liter flask containing 500 cc. of 6
NIHLOH is attached to the stopcock at point K. After the traps have
been pumped down at liguid nitrogen temperature, the Dewars are
removed and the carbon dioxide is evolved, using o flame to speed
up the process. When the pressure reaches 60 cm. of mercury, the
trap system is connected to the flask. A rapid absomption of the gas
takes place. The evolution of the gas is continued, and the flask is
shaken to insure absorption until the traps are empty. The pressure
at this point should be about 70 cm. of mercury, and the solution
should be quite hot, A second solution consisting of 180 grams of
Calls-2HA in 180 o, of water is heated near to bolling. The flask
is removed from the line, and the hot calelum chloride selution is
aelded slowly from a separatory funnel. Rapid precipitation of cal-
cium carbonate takes place. It is cssential that this step be carried
out in such a way that the final temperature of the combined solu-
tion be higher than 707 C. Otherwise a flocculent, poorly filterable
precipitate results, The precipitate is filtered and washed frec of
ammonia, the washings being made with distilled water. It is then
removed from the Buchner funnel used for the filtration and washed
into a clean I-liter flask. At this point all the oxides have heen left
hehind in the form of soluble salts, and the radon has been lost
either by gaseous evelution or in the aqueous solution.

Carbon dioxide now is removed from the precipitate, using the
same system emplayed in the combustion. A separatory funnel con-
taining 250 cc. of concentrated hydrochloric acid is placed in the
flask. A second lead is atteched to the drying and collection system
at F. Tt iz important that the tube from the separatory funncl reach
nearly to the bottom of the flask to prevent the aceumulation of acid
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and uneven reaction. Tn the beginning of this peration the gas-
flow rate js set as in the combustion operation. The stopeock leading
to the flask is opened, and acid is added at a rate sufficient to keep
the pressurs in the flask slightly below 1 atmasphere.

The gas is dried carefully and collected in the traps (C) and then
allowed to evaporate into o system of S-liter bulbs (G), where it is
stored ready for the reduction step.

5. Reduction is carried out in an iron tube (ff), which iz filled
with about &5 grams of magnesium turnings together with 1 gram
of cadmium powder or turnings as a catalyst. An S-inch movalile
electric fumnace capable of reaching 1000° C. is placed around the
tube, The cnds of the tube are sealed with rubber stoppers and
dekhotinsky wax, and the reduction system evacuated and tested
for frecdom from leaks.

Carhan disxide is now admitted to the tube up to a pressure ap-
preaching 1 atmosphere and external heat applied with & torch at
one end of the magnesium filling. When a temperature near the
melting point of magnesium (660° C.} s reached, the reaction begins
rather violently and produces suflicient heat to maintain itself if
gas is admitted at a moderate rate from the bulbs, The chemical
reaction invelved is

2Mg+C0=1MO+C. (24)

Since the reaction involves no gaseous preducts, no circulation is
required, and care must be taken because the heat evolved is solarge
that, unless the inflaw of carbon dioxide is controlled, the reaction
will melt the iron tube, It is 2 practice to run in gas from one bully in
a controlled fashion, The carbon dioxide in the storage bulbs is in-
troduced into the reduction chamber ane bully at a time until pres-
gure is reduced Lo about 20 em. of mercury in cach, In this way five
or six bulbs of gas can be reacted smoothly before the other end of
the magnesium filling is reached. To complete the reduction, the
remaining gas is condensed in the trap (J) and may either be ex-
panded into a single bulb or reacted direetly, Tt is necessary to apply
external heat using the furnace to start the fire again after this col-
bection of the residual carbon disxide in the various bulls, When the
reaction is complete, no more than 1 or 2 cm, of mercury pressure
shauld remain in the manifold system, and the bulls ehould be com-



FREPARATION 49

pletely empty. The reduction tube then is allowed to cool, and the
carbon, magnesium oxide, and unreacted magnesium are removed
from the tube, using an iron rod as a ram.

6. The material taken from the reduction tube is placed in a clean
3-liter beaker, Sufficient distilled water iz added to dampen, and the
mixture is allowed to stand 13 minutes until the hydrocarbons which
are formed in small yield, presumably by the impurities in the mag-
nesium metal, are decomposed and evalved, Concentrated hydro-
chloric acid then is added as rapidly as possible without buhbling
over. The proper rate for this is about 25 ce. every 5 minutes, After
about 100 co, have been added in the first 20 minutes, an additional
00 ce. is added rapidly. It is well to have a spare 3-liter heaker
handy in case of overflow at this peint.

The acid solution is allowed to stand overnight in a hood 80 the
fumes evalved are exhausted from the room, It is then placed on a
hot plate with an asbestos pad over the plate at “high" heat. After
the acid is brought to a boil, about 1 liter of distilled water is added,
end the solution brought Lo a boil and allowed to bail for abaut 15
minutes, It then is filtered by the insertion of a sintered glass “flter
stick" made by taking a coarse sintered glass suction funncl and cut-
ting off the rim normally used to hold the solution in the funnel down
to the level of the sintered plass plate, scaling a picce of glass tuliing
about 6 inches long on the end of the funnel, and connecting the ruhb-
ber hose to 4 good aspirator. This device has the advantage of re-
moving the obnoxious acid selution without mechanical lifting and
dispersing it in the sewer system immediately after dilution. It also
has the merit that no new glass apparatus has to be brought into the
process with its consequent danger of introducing contumination,

After sucking the black carbon residue dry, 1.5-2 liters of dis-
tilled water are added and the system again brought to a haeil and
allowed to boil about 15 minutes. The filtration step is then repeated,
and distilled water added again and brought to a beil for the same
length of time, This washing step is then repeated a third time, at
which point the wet carbon is transferred to a clean 400-cc. beaker
quantitatively Ly washing out with distilled water and finally drying
roughly hy the use of the filter stick. Tt then is placed on the hot
plate on “low heat and left there for about 4 hours, until moisture
just ceases to condense on a cold watch glass,
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Alter the drying eperation the dry earbon is replaced in the origi-
nal beaker, and about half a liter of concentrated hydrochloric acid
is added, and the mixture allowed to stand about 2 houre. It then is
brought to & buil, and the process of filtering and washing described
ahave is repeated, After this the drying operation described above is
perermed again,

The sample then is placed in o clean, welghed, dry bottle with a
serew cap, carefully labeled, and weighed.

7. The final step in the preparation of the sample for measure-
ment consists of grinding in an agate mortar and pestle to a consist-
ency approaching that of powdered sugar, returning the sample to
the hottle and mixing it by shaking, after which about 0.5 gram are
remuved, carefully weighed, and the percentage ash in the sample
determined by combustion, Care is taken during this aperation to
expose the sample to the air for the minimum length of time, to
Ecep cigarelte ashes and other room dust out of it, and not to breathe
into it excessively. The percentage ash is necessary as o correction
on the count rate observed, for, of course, the ash reduces the ob-
served specific radivactivity.

A number of precautions are taken throughout this process. Prob-
ably the most important of these is to purchase all the chemicals in
large quantitics so that a single guccessful run with coal in which
no radiocarbon is obtained will validate the purity of considerable
qjuantities of chemicals. One can then feel free to seek sources other
than the chemicals for any contamination that may appear in the
sample. We have Leen singularly fortunate in that to date we have
ohserved no chemical contamination of any sort. We are careful to
use the same glassware that has heen used in previous runs with coal
samples and to be extremaly cautious that the carhon is exposed to
the gir @ minimumn time while cool and dry, In fact, care is taken to
Dottle the carbon or to cover it with acid solution quickly after the
drying period. The carbon produced in this reaction possesses an
extremely high specific surface arca so that its power to abserb
vapors is large. Rough measurements have indicated that it posscsscs
gomething over 200 square meters of surface per gram on the aver-
age, This means that any considerable exposure to room air is
likely ta lead to radon absorption and contamination. Of coursa it
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is almost unnecessary to say that the laboratory in which the
chemical processing and the sample mounting to be described later
arc performed should not contain any redioaclivity that is not
tightly sealed and protected from access to the air. Tt is good prac-
tice to keep the laboratory clean of all radioactivities,

There ig a considerable mystery remaining about the origin of the
ash in the sample. We ordinarily find it to be less than 10 per cent,
but cecasionally for some unknown reason it will approach 20 per
cent, W do find that unless the material is dried as described above
and then re-extracted with acid, the ash usually is above 20 per cont.
It is further found that a recalcitrant sample with a high ash can e
successiully reduced in ash content by heating to a dull red heat
in & guartz or heavy Pyrex test tube which is closed from the air
with & lovse glass-wool plug. The heat is continued for several hours,
and acid extraction as described above is used afterward, This al-
most invariably reduces the ash below 10 per cent. A source of worry
of same Importance exists in the chemical compesition of the impuri-
ties which constitute the ash, The corrections as ordinarily made as-
sume that it is magnesium oxide—in other words, that it has the
same chemice] eomposition while in the sample as it does alter igni-
tion. Experience has shown that thiz method gives results which are
acceptable in that the ztame value for the specific activity of a given
original sample is obtained from two or more portions which have
heen burned, reduced, extracted, and measured and in which the
final carbon samples obtained from the several portions have dif-
ferent ash contents. We would therefore sugpest that the impurity
is indeed in the form of magnesium oxide which is tightly covered
with carbon and that the drying and heating operations describwed,
which are ohserved to reduce the ash, essentially crack loose the car-
hon covering from the small magnesium oxide particles. Tt has been
shown that the ash does indeed consist of magnesium oxide rather
than of other materials,

A special equipment and chemicals list for the operations de-
scribed in this chapter is given in Appendix A.
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MEASUREMENT OF THE SAMPLE

active substances is an ancient one around which a con-

siderable lore and artistry have been built. In the casc of
raddincarbon at the levels existing in nature one needs to use the most
soneitive techniques known, On the other hand, it is essential that
the procedure be as simple and as reliable as possible. There are two
olbvicus ways in which to proceed with the problem. One i8 to meas-
ure the material in the gascous state as either carbon dioxide or meth-
anc, in which the sample being measured constitutes part of the
gos phase of the detection instrument. It would seem wizest to use a
proportional type counter operating at as high a pressure of methane
or carbon dioxide as feasible in which the pulses due to the radio-
carbon beta radiation were segregated to a certain extent from pulses
of different size due to extraneous cffects such as cosmic radiation
and wall contamination in the apparatus. This type of attack was
not pursued in this rescarch, for calculations indicated that the sec-
ol abvious approach would be somewhat more sensitive and reli-
alle, though it would require somewhat larger samples, This consists
of measuring clementary carbon itself in the solid state.

The construction of the instrument must be such as to insure the
maximum ratio of count rate due to the sample to count rate due to
buackground, that is, the cosmic radiation and apparatus and labora-
tory contamination, In the first place, onc immediately chooses a
Ceiger counter as the detection instrument, since it is the enly in-
etrument which will detect a single thermal energy electron with ap-
parently 100 per cent efficiency. This establishes it as the most sensi-
tive of all instruments for detection of ionization. Having selected a
Geiger counter, which consists in essence of o cylinder with a wire
down the axis, one secks to mount the carbon sample in the position
which will insure the maximum sample effect to background ratio,
It is clear from the geametry of the Geiger counter that there is only

5

THEpmlﬂnm of detection and measurement of weakly radio-
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one place to do this, and that is on the wall, Tt s further clear that
ane must not interpose between the counter gas and the sample any
more solid material than is necessary, Therefore, one builds the
Geiger counter essentially with the elementary carbon as the wall of
the eounter, It is [ortunate that clementary carbon is an clectrical
conductor,

The next problem one faces in instrument design in this problem
is that of measuring the background without changing the eounter
gas and other eritical characteristics of the instrument. In other
words, ong wants to change the wall of the Geiger counter from ane
material to another without changing the Geiger counter in essence.,
All these things are accomplished by the instrument known as the
screen-wall counter,! an artist’s sketeh of which is shown in Figure 7.

The essential principle on which this instrument operates is that
the most important part of the counting act takes place near the
counter wire, and therefore the only essential requirement is that
the ficld near the wire be undisturbed by changing the counter wall
from the carbon sample to bare metal for the hackground meagure-
ment. This is accomplished by interposing gridwork about haliway
between the counter wire and the sample cylinder which constitutes
the counter wall, One then controls the potential on the screen wall.
It then operates essentinlly as the wall of an ordinary Geiger counter
with respect to the wire except that it is extremely porous to radia-
tion. Radiations which miss the screen gridwork structure itself can
b recorded, providing they enter the gas at all by the interposition
of o small “drag-in" potentinl which serves to accelerate electrons
towird the screen counter structure if they are formed in the space
between the screen and sample cylinder. Conversely, if one wants to
restrict the eounter volume just to the sereen structure, this can he
done hy uging a “drag-out” potential, These potentials are small, of
the arder of 50-100 volts. Figure § shows the behavior of the count
rate for & typical screen-wall counter of the dimensions and construc-
tion wsed in this research, as a function of the potential between the
sample cylinder and the screen, We normally operate with 90 valts
drag in potential in the radiocarbon dating work. It is ahvious fram
Figure 8 that there is nothing critical about this number.

1. W. F. Lildy, Phys, Ren., 46, 196 (1934); W, F. Liky and I T, Lee, Phps. Kes,
82, 245 (1939),
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In the instrument as descrilued, onc has a cylindrical vacuum-type
gpace filled with counter gas, along the middle thied of the length of
which Geiger counter registration of lonizing events take place, and
inside of which a sample cylinder two-thirds as long as the instru-
ment itseli is placed. One half of the sample cylinder has the sample
meounted on it; in this case clementary carbon. With these dimensions
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there are two positions, one in which the sample itself constitutes
the wall of the counter, and the other in which the bare metal of the
sample eylinder constitutes the wall of the counter. One changes
from one position to the other simply by lifting the instrument in
one's hands and gently shaking until the sample cylinder slides to
the other end. It is purposely machined to have freedom of motion
without having excessive radial play. The procedure of measurement
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then consists simply in observing the rate in the two positions with
appropriate frequency of alteration and recording the data,

The sensitivity of the Ingtrument to radiocarben radiation is best
established by the use of a sample assayed in an absolute manner
such as that described in chapier iii. A sample of radioactive carbon
dlioxide of accurately known specific activity used in the half-life
determination® was taken, accurately diluted with ordinary carbon
dioxide, and then reduced and converted to a standard carhon
sample in the way deseribed in the peeceding chapter. This material
then was mounted and the observed count rate taken under various
conditions in order to determine the absolute efficiency of the instru-
ment for radiocarbon radiation when obgerved from elementary car-
lLon samples. Several such standard radiccarbon samples were de-
vised, and tests were carried out in four different sereen-wall
counters, One of the tests was made by using o sample only 1 inch
in length. The standard sample cylinder is 8 inches in length, so the
1-inch sample was placed in the eight different pesitions, numbering
from the end farthest removed from the counter volume when the
sample cylinder is in the “background' pesition. The reasons for
undertaking this test were primarily to reveal the Iraction of the
radiation which entered the counting velume from the background
position and the variation of sensitivity at the very end of the sumple
evlinder. The data are given in Table 6.

These data show that the efficiency rises rather rapidly as one
muoves in from the end of the sample, 8o that only the first 1 inch
is appreciably lower in efficiency than the 6 inches of sample in the
centeal portion. Tt is also clear from these data that some 34 per
cent of the net sample count that would be observed, were not the
background changed by virtue of the radionctivity of the sample,
acts to increase the background, Therefore, in deducing the fgure
by which we are to multiply the sbserved diference between sample
and background pesitions to obtain the absslute specific activity of
the sample, we must take the eficiency calculated from the actual
difference between background and sumple averaged over the vari-
ous positions, This is caleulated to be 5.35 £ 0.10 per cent for these
data. One gram of carbon mounted on the 1-inch-long section of the

1. A, G, Eagelkeneir, W, I, Hamill, M. G. Tnghram, snd W. T, Libby, Plys. Rer,
75, 1825 (10400,
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sample cylinder had an absolute disintegration rate of 18060 disinte-
grations per minute.

Table 7 presents data in which a standard sample of the full 8
grams weight and mounted over the full § inches of length of the
eylinder was placed in four different counters, The absolute efliciency
caleulated on the basiz of the observed difference between sample

TABLE ¢

EFFICIENCY OF SCREEN-WALL COUNTER ALuxt: TT8 LEXGTH
{Coanter Mo, &; standard 10 em. A 4 0.5 em. CHY)

e
Xel Sample l Inceense bn
Posiilgn | MEckareund sample | fpebvener | Miwee | he
L il Poalthons Edfieiency | ¥ot Sample
1=5 Counit)
- i .
147 4£0.3 | 241.751.60 95.0+08 | .11 1
WG4l 6| 2571216 104+18| 5m
15,8517 | 2535218 | W6AE1H| 574
W.2+1.9 | 2559415 W9.2x1R( 5.ER |
Iu.ﬂ;tl..ﬁl 15.5%1.5 w518 L
TN T R TR IR e
WSt 6| 28414 RLTELE| 4.9 | s
e e b N
Avernge?.. [ oo I ........ | sastoae| a5

* Taken with aciual buckarousds wed sol the averuge of padtiens - 5.

TABLE 7
EFFICIENCY OF SCREEN-WALL COUNTERS

Absaluie Eiliciency
iPer Cenk of
Countar Absmlute Ruted

5.56£0,08
5.50£0.07
5, 3040.07

......... . E. 374007
Ring (Table 6} ........ 5.35&0.10
Average (weighted) ... 5.4620,03

and background is given. This number is used to convert the ob-
served count rates to absolute disintegration rates.

The radiocarbon radiation has a range of some 28 myg/om?; that
is, a foil weighing 28 mg/cm?® will just stop the radiation. The ab-
sorption is nearly exponential; the half-thickness, or thickness nec-
essary to absorb half of the radiation, is about 2.3 mg/fem®, It is
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clear, therefore, that far our sample cylinder of 400 cm.* surface area
{the diameter same 2.7 inches) a layer 2.3 mg/om? thick or a total
sample of 0.92 gram of carbon would give half of the effect that an
infinitely thick layer would give. The formula for this is?

I =
=g, (25)

where f' i5 the count rate that would have been obtained from a
sample of infinite thickness {of thickness at least equal to the range],
I is the intensity observed for the sample of given thickness, and = is
the ratio of the actual thickness used to the range of the radiation.
The validity of this formula has been experimentally established on
a number of occasions by carclully mounting radiocarbon samples
of known thicknesses less than the range and platting the count rate
observed as o function of thickness. It is apparent, however, that
the formula will be valid only if the sample has uniform thickness
over ils entire area. Since this iz a dificult condition to obtein, we
have chosen to make x so large that the count rate is essentinlly
equal to the rate for the infinitely thick luyer and so to avoid worries
about roughness of the sample. One can show that, if the sample ap-
pears reasonably smooth to the eye, errors due to the existence of
rough spots will be very small. In general, the thickness selected has
been 20 myz/cm?, or a total sample weight of 8 grams for the 400 cm.*
area of the sample cylinder. Frem time to time samples have been
used which did not amount to 8 grams, the smallest being about
5 grams, These were mounted with considerable care Lo insure uni-
formity, and then the count rate was corrected by the small factor
given by Equalion (25). Tt seems possible that one might measure
samples much smaller than 5 grams by developing a technigque of
painting the carbon on the brass eylinder in a very reproducible
and smoath fashion.

The earbon sample is mounted on one half of the snmple cylinder
(the sample cylinder is split so that the counting operation can be
conducted with convenience and the evlinder reassembled later).
The other half of the gample cylinder remains bare. Figure 2 shows
the equipment used, together with the two halves of the brass sample
cylinder. As described earlier, the carbon sample in the screw-capped

AW F. Likby, dwal. Cheme., 19, 2 (1047).




e

B r———— ——— ———

Avpdsp Huponour apdmeg—g Mg

-y

-



Ly RADINCARBON DATING

plazs bottle is pround carcfully in a mortar and pestle, about 8.5
grams weighed out in a beaker, and some 50-55 cc. of distilled water
aeeled, T'he mixture then is stirred and water added until o consist-
ency like & very thin mush is obtained, One then places a clean white
ghove on his left hand (if he is right-handed) and, holding the beaker
and the sample cylinder in his left hand in such a way that the con-
tents can run from the beaker into the sample cylinder, elevates it
toward a light such as an open window 8o that he can observe the
sample Alow from the braker into the cylinder and also serape out the
remnants with a long glass rod. He then replaces the heaker on the
tahle and with the glass rod smooths the sample while rotating the
eylinder with his loft hand. He then takes the spatulaand scrapes
out the resicdual carbon left in the beaker (usually something around
0.5 gram of carbon is left cither in the beaker or on the rod) and
smooths this onto the surface also, Tn the early work we used about
20 ¢, of 0,15 per cent agar solution to increase the adherence of the
sample to the wall. Tt was found, however, that this was unnecessary
providing one was careful not to bump or bang the instrument, and
this potential source of contamination was thereby avoided. After
the wet carbon sample is smoothed on the cylinder, it is placed on a
clean picee of cheesecloth on the table and an ordinary hair-dryer
used to blow hot air through it for about 10 minutes. This removes
sullicient water to sct the sample on the cylinder and yet does not
dry the sample completely. It is important that the sample not be
dried teo long with the hot-air stream for two reasons, The first is
that air contains radon, and the sample, if dried, will be extremely
susceplible to contamination by absorption of the radon and other
possible radioactivities in the air. The carbon samples have large
surface areas per gram (of the order of 200 square meters), The sec-
ond reason is that the warm air has an oxitlative action on the brass
when the metal gebs warm and causes lenching of the zine out of the
hrass into the absorbent-carbon sample, so that the ash rises to un-
ressonable values,

After the drying to the setting stage, the two halves of the sample
cylinder are placed together, sometimes fustencd with a small piece
of Seotch tape if they do not it snugly, and the sample cylinder
plaved in the counter proper. The counter cap is then placed on and
the counter sealed closed with deKhotinsky wax. The counter then
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is placed on a standard vacuum line with two liquid nitrogen traps
in series, the first of which hag had the internal tube remowved 20
hlocking b the ice condensed docs not oceur readily, and the system
allowed to pump for about 24 hours, the nitrogen in the traps being
renewed from time to time, At the end of this pumping period the
pressure in the line as registered by a Pirani gauge placed hetween
the counter and the first trap will read in the micron range. It is im=
partant to remove water to this degree, for, if it Is not done, the water
ahsorbed on the sample will slowly evolve and change the operating
voltage of the counter during the measurement period, After pump-
ing, 0.5 cm. of ethylene is added. The ethylene is purified by re-
peated condensation in a liquid nitrogen trap, pumping on the solid,
re-gvaporation, recondensation, ctc., until the vacuum cbbained
while pumping on the froeen cthylene rapidly approaches a few
microns. Alter the ethylene is introdueed, 10 em. of argon from a
standard commercial cylinder of pure argon is added. The counter
then is allowed to stand for 2 or 3 hours for mixing, and the voltage
measured at which pulses of 6 volts height are obtained, Une can
run the plateau at this stage, but it is soon found that the plateau
characteristics are very reproducible, and this step usually is not
taken. The appearance of the pulses on an escilloscope is ohserved
with care, The oscilloscope is connected so the true pulse shape is
shown rather than the fiest time derivative, This is accomplished by
connecting the wall of the counter ta ground through a resistor, the
potential drop across which is fed to the escilloscope. Choice of the
proper resistor ingures that the time constant of the oscilloscope cir-
cuit is short enough to aford faithiul pulse reproduction, Tt is par-
ticularly important to examine the pulses for multiplicity. The oc-
currence of multiple pulses is undesirable not only because it is evi-
dence of improper gas composition but primarily because the can-
cellation of meson counts by the anticoincidence shielding counters
will not occur for multiple pulses. The first component of the
multiple pulses is canceled, but the following pulses occur later
and are not canceled. This means, of course, that the hackground
rate is observed to rise when impurities such as air or water vapor are
introduced into the counter gas, The instrument at this stage is
ready for placing in the shield and the beginning of the measure-
ment run.
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The counter construction is shown in Figure 7. Standard blue-
prints can be ohtained from the author on request. The materials
uged in the construction of the counter, and also the shicld described
later, are given in Appendix B, together with the suppliers we have
uged, The gridwork s constructed by stringing wires between lucite
header disks and the whole assembly is supported on a post, silver-
soldered to one of the two end caps. Lead-free brass tubing is used
othfor the material of the cylinder case and the other brasa parts and
{or the sample cylinder. This precaution is taken to avoid radio-
active contamination. The eylinder wall is made ae thin as con-
venlent in order to improve the efficiency of the anticoincidence
shielding described later. A glass stopeock is fastened by deKhotin-
sky wax to the outlet shown, and this wax s used for all the other
closures also. We have constructed one or two instruments with
rubher gasket seals at the ends, but in most of the counters we have
uzed wax seals.

The deKhotinsky wax used is made by cooking together approxi-
mately vqual parts of Georgia pine tur and orange shellac, The mix-
ture is melted, heated, and stivred continuously for about 30 minutes,
care being laken not to char, This wax is parlicularly strong and
T proved eminently satisfactory, [tis applied with an air-gas torch.
One should not use an cxygen torch because charring of the wax will
Iser likely. It is difficult to obtain vacuum-tight seals when the wax
is charred. The partz to be sealed are heated above the soltening
peoint of the wax and the wax applicd by touching to the hot metal
or glass, One can also heat the wax stick briefly (the wax is poured
from the cooking pot onto metal foils which are then rolled te make
sticks aboul 6 inches long and § inch in diameter) directly and let it
drip onto the hot metal, The counter is then rotated so that a smooth
and uniform layer of wax is obtained, and the seal is cooled by
hlewing air on it. Our experience has been that vacuum-tight seals
can be obtained casily in this manner, and the only dificulty en-
gountereed in the wse of the instrument so far as vacuum is con-
cerned is that one occasionally breaks the wax seal by bumping the
gample cylinder too vigorously against the end caps. This, however,
iz unclesirable from the point of view of dislodging the sample itself
und should be avoided.

The prineipal task in the measurement of extremely small
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amounts of radisactivity remaining after one has supplied a suffi-
ciently sensitive counter is the reduction of the extraneous back-
ground count rate due to coemic radiation and the ubiquitous radio-
active products of uranium and thorium which exist in all labora-
tories in such amounts as to give very appreciable count rates. The
latter component of the background is best removed by selecting
solid material which is free of wranium and thorium and of its dis-
integration products such as radon. Consideration of this problem,
together with the problem of cost, has led us to belicve that steel
should be an exeellent material for a low-level counter shield, Tt is
reasonably inexpensive and from the metallorgical processing in-
volved in its manufacture should be relatively free of the highly
electropositive elements which constitute the most serious radie-
active contaminates. Tt is reasoned that elements such as uranium,
thorium, and radium will be removed by the slegging operation, We
de not believe that lead is particularly desirable from cither the cost
or the cleanliness point of view, and tests have confirmed the suspi-
cion of rmdivactive contamination in lead as ordinarily purchased.
We have constructed the shield as shown in Figure 10, of hot rolled
steel plate, & inches thick. Two types have been built, in one of
which the door i& closed by the hydraulic jack shown, and another
in which the door is bisected and opened with a cantilever arrange-
ment by hand,

The background rate for the unshielded screen-wall counter is in
the vicinity of 500 counts per minute. Placing the instrument in the
shield with 8 inches of iron in all directions reduces this to 100
counts per minute. Tf instead of the 8-inch shicld one uses a shicld
with 4-inch walls outside of which 2 inches of lead are placed, the
background is 120 counts per minute, This residual background is
very large due to the cosmic-ray mesons whose penetrating power
is very great. It would Le removed only by wery great thick-
nesses of shicld material. The device used to eliminate thiz com-
ponent of the background consists of surrounding the screen-wall
counter with a complete layer of Geiger counters 18 inches in
length, 2 inches in diameter, which are in tangential contact and are
placed as shown in Figure 11, This is an end-on view of the assembly
in place with the door of the shicld open, When the shielding coun-
ters fire, the central sereen-wall counter is inactivated for a small
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fractivn of a sceond, This means that the meson rudiation is therehby
eliminated from the record. The aggregate count rate of the cleven
shield counters is about 800 per minute, and the cancellation time
is af the order of 10-? seconds, so the screen-wall counter is in-
activated for about 1 per cent of the time. This is 80 small as to be
negligilile, and we can conclucde therefore that the sensitivity of the
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apparatus to the radiocarben radiation feom the sample is not appre-
ciahly reduced by the use of the shielding counter area. The use af
the shiclding counters reduces the buckground to 5 counts per min-
ute. The smaller shield mentioned ahove with 4-inch thick fron and
2-inch lead exterior gives 7 counts per minute. With these rates it is
now possible to measure the radiscarbon radiation to about 2 per
cent error in 48 hours. Modern wood gives 6.7 counts aliove the back-
rroamnel, 8o that one ehserves a rate of 11.7 with the carbon sample in
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place and a rate of 5 counts per minute with the bare cylinder in
place. The anticoincidence shiclding counters are 18 inches long,
thereby considerably overhanging the sensitive volume of the screen
wall, which is 8 inches in length, We therefore have not placed a
layer of shiclding counters at either end of the assembily. It is clear,
of courae, that thiz would reduce the background further, but the

Fig. 11.—Counters in shicld (door open)

extra mechanical difficultivs involved in changing the sample cylin-
der and the small advantages to be gained by further lowering of
the hackground have prevented our doing so. The shielding counters
used are standard brass-wall cosmic-ray counters sold by commer-
cial suppliers.

The operation of the screen-wall counter in the manner deserilied
for the measurement of radiocarbon i the age-measurement [orie-
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gram invelves several sorts of difficultics, one of which is major and
which deserves special mention. Counters which have accidentally
been connected incorrectly so thal the leads from the screen wall and
the counter wire are interchanged, and have been maintained in this
comdition for some time, have a tendency to show gpurious counts for
gome time thereafter. It seems that the only way in which this can
be cured, ather than by allowing the ingtrument to stand for weeks,
ia to replace the lucite insulators. This point, however, is not com-
pletely settled; it is merely known that thie accomplishes the results.
A similar effect may be produced by erroneous application of exces-
sive potentials so that the counter goes intoe cssentially continuous
discharge. One should take care to have a connector plug connecting
the counter leads to the amplificr and recording apparatus such that
this creor is not possible.

Any good quenching vapor is satisfactory for the sereen-wall
counter as far as counting characteristics are concerned, but a con-
sideration of some gubtility is involved which leads one to select
cthylene. In our case, where the sample of carbon is very fincly
divided and possesaes & very high absorptive power for condensible
vapors such as ethanol, the amount of guenching gas absorbed may
I+ such as appreciably to affect the (raction of the radiation which
cscapes the sample and reaches the counter gas volume. In the case
of ethyl aleohsl our experience has heen that as much as 1 gram was
abaorhed on our standard B-gram zample. This, of course, in addi-
tion to absorbing the radiation, may introduce radiation itsell, de-
pending an whether the cthanol is grain aleohol or synthetic, The
carly measurements were made with ethyl aleohel, and the correc-
tions for the specific activity of the ethyl aleohol and its absorptive
action on the radiations from the carbon sample computed. The re-
sulls were accepiable, but an additional error was introduced. Tor
these reasons a quenching gas of lower hoiling point was sought, and
ethylene® has proved to be completely satisfactory in all respects, As
mentioned above, the standard filling is 0.5 cm. of mercury pressure
of ethylene and 10 em, of mevcury pressure of argon.

We have not found it necessary to purify the commercial argon
Lt have taken the precantion of huying large 200-cubic-foot cylin-
tlers so that satisfactory operation iz guaranteed for an extenderd

4. Ko I Murgensiern, O L Cowan, wml F L Hughes, Mhps. Reve, T, 409 (1ML
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periad if a good cylinder is obtained, Tt has been our expericnce
that the argon available on the commercial market is sulliciently
pure.

Interesting effects arise if the counter happens to develop a leak.
The introduction of air to the counter gas adds to the normal single
sharp pulses a group of smaller pulses fellowing the original ene alter
a delay of several hundred microseconds. This may be sufficiently
long to extend beyond the cancellation period given by the anti-
coincidence shiclding counters, so that a pulse which would nor-
mally have been canceled from the record registers. One therefore
observes a rise in background count together with a rise in the coun-
ter voltage and, at appreciable air contaminations, u decrease in the
difference between the sample and background counts. This de-
crease is apparently due to inefficiency in the counter action caused
by the presence of the air; presumably the oxygen in the air is the
active agent. The decrease probably arizes in the volume hetween
the screen and wall, where the collecting field is lowest.

A [urther effect of some importance to routine operation exists in
the temperature dependence of the operating voltage of the counter.
It is found that a temperature variation of 10° 17, will cause 10 or
20 volts change in the counter voltage. This may be due to the tem-
perature dependence of the absorption of ethylene an the highly ab-
sorptive carbon sample. It means that one should take care to in-
gure that the room temperature does not vary by more than 5° T,
during long operating periods when the rate is not being recorded.

It has heen our practice to change the sample eylinder from one
position to the other every few hours during the day and to allow
it to run during an 8- or 10-hour period overnight, arranging the
schedule so that the total time spent counting the sample and the
hackground will be proportional to the square roots of the rates in
the two positions. This, for example, means that for & measurement
of modern wood, where the background rate is about half the rate in
the sumple position, 60 per cent of the time is spenl measuring the
sample and 40 per cent measuring the background. In addition, of
courge, the background count from run to run should check nearly
within the stalistical error of the counts, One is tumpted to cross-
average the background counts and therely to reduce the Lime neces-
sary to measure. We have never done so, however, for it has been ob-
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served thet changes in the operating characteristics of the shiclding
counbers may occur which will affect both the background and the
sample rale in the same way and nol invalidate the differenee,
theugh it might cause as much as a hali-count per minute change in
hoth rates.

The final cleaning of the sample cylinder belore use in the first in-
stance congigts in washing in 50 per cent nitric acid, rinsing carefully
with listilled water, and deying. We have observed that cylinders
prepared in this way of lead-free brass tubing have never given a
negative count rate heyond the statistical errar when used on car-
Bon derived from coal or oil. They would be expected to register
negatively i the sample cylinders were contaminated, the point be-
ing that the inert carbon would abserh radiation from the brass. In
addition, we have found Armeo iron and pure copper sample cylin-
dhers to give the same count rate as the cleaned brass cylinders, We
therefore believe that not ever 0.1 or 0.2 count per minute of con-
tamination exists on our set of sample cylinders and that it is pos-
sible to uze Armco iron and pure copper as well as lead-free brazs.

‘The statistical error of the count is taken as the square root of the
total number of counts divided by the number of minutes during
which they occurred. This gives the standard deviation a measure
of ereor 1.5 times the probable error, and all of our resalts are
quoted with this standard error derived solely from the count rate
indicated. It has been interesting to ehzerve that the scatter of re-
peated runs on different portions of a given sample and on recounts
of o single portion of o given sample seems not to exceed the error
due to the counting alone by any constderable fuctor, We therelore
are inclined to believe that the wse of longer counting periods would
result in errors almaost inversely proportional to the square root of
the factor by which the counting time is increased. For example, if
our prezent 48-hour counting interval, which gives us an error of
< H00 vears for a sample of a certain age, should be increased by a
factor of 4, we might e justified in assigning a + 100-year errar.
Only further careful investigation can test this point and fully
cstablish it. [t docs, however, seem lkely that counting for periods
even us long as a month with the consequent smaller errors might be
warlh while.
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BADIOCARBON DATES

’—‘[V'IE dates obtained prior to the fall of 1951 by the radio-
carbon technique are listed below, The number of runs is
indicated by the number of dates listed. These runs were
complotely independent, invalving separate portions of the original
sample from which the carbon had been extracted independently,
unless the dates are linked together with a brace. In this case, the
results are those ohtained by remeasurement of a given sample,
usnally in a different counter, and frequently involving re-extraction
of the sample with acid. The standard counting time for & given
ritn has been limited to 48 hours in order to accommadate the num-
her of samples necessary to the over-all check of the method, which
was the main purpose of this research, The errors given are standard
deviations, consisting solely of the ercor of counting random evenis,

The archeological and gealogical significance of these results have
Iseen or will be discussed by the donors of the samples, collaborators,
and the advisory committee in articles in appropriate journals.! We
wish to cxpress our gratitude to Frederick Johnson, Donald Collier,
Richard Foster Flint, and Froelich REainey, the members of the
Committes on Carbon 14 of the American Anthropological Associa-
tion and the Geological Seclety of America, for their indispensahle
direction and assistance throughout this rescarch.

The numbering of the samples and the names we have used (which
appear in parentheses when two names are given) are entirely our
own and not these of the doners or collaborators, Tn many instances
more appropriate names assigned hy Mr. Johngon are given before
the parentheses. The records on the samples are so extensive and so
intimately tied to the sample names 28 well as to the numbers that
we feel obliged to include our name as well as the number, though
it may be misleading in many cases. The carbon for each of the
samples listed is on file and availalile for check measurements, to-
pother in many instances with portions of the original matcrials.

I 8pe, rp., Radfoserbon Daifug, assembled iy Frederick Jolnsn (“Segivly foe
American Archaesdogy Memodr," Ne. & [July, 1951]),

il
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I MESOPOTAMIA AND WESTERN ASIA
{P]-flr\.:r'pd cpllabprators: K, ]. Htﬁll'l‘\'ﬂbl'lﬁ. T. ]nmm

Riciann A. PARKER, AND Saut. WEINDERG)
A, Ecyrr

Sample

Zuser; Acacia woorl beam in cxcellent state of preserva-
tiom from tomb of Zoser at Sakkars. Known age
4650 £ T8 years noenrding o John Wilkon, Submitted
by Ambrose Lansing, Metropalitnn Museum,

Siefern: Cypress beam from toml of Sneferu at Mey-
dum, Knnwn age 4575 £ 75 acconding to John Wilsen.
Sulsmitted] by Froclich Ruiney, University ol Penn-
sylvania Museum,

Sesostris: Wood from deck of funcrary ship from tomb
of Sesostris 111 Known age 3750 according to Jehn
Wilsom, Submittel by Colonel C. C. Gregg, Chicago
Matural History Museum,

Moalemy: Wil from mummiform coffin from Egyptian
Prodemale period. Known age 2280 wccorcing to John
Wilson. Submitied by John Wilson and Whatson
Boyes, Oriental Tnstitute, University of Chicago.,

Hemoka: Slab of wood from roof heam of tomb of Vizier
Hemaka, contemporancous with King Udimu, First
Idynasty, ot Sakkars. Accepled age 4700=3100 ac-
eording to R, J. Braidwood. Sample submitted by
W, B. Emcry, <4 British Embassy, Cairo.

Middle Predynostic (Predymashic): Charcoal fram point
HALE" of the house flonrs (fendy de cabares) nt El
Omari ear Caire, Egypt. A typological assessment of
the pesition of Bl Omari woukd be oo, midway be-
tween the time af the Upper B pitsof the Fayum (Nos,
457, 550, anid 551) and Hemaka (Mo, 267), Submitted
h% Fernandd de Bono, Secviee des Antigquités de
I"Eigypte, Cainn

Fayum A (Upper K): Wheat and barley grain unearhan-
1zl with no preservatives added, from Upper K Pit 13
af the Foyum A material as deseribed in Tihe Desce?
Fayaum by Gertrede Caton-Thomypsan, Submitted by
Miss Canem-Thompsom of Cambericlge and Mrs. Elise
Baumpartel of the Muoseum of the University of
Manchester.

Fayim A (" pper K3z Whean andd harley grain from Up-
peer K 1%L 59, Jar 3, and another of the Upper K gits
(numsber het) of the Fayum A material as descrilad

Age (Voars)
JA00 & TT0
42 £ 600
J091 4 500

Ae. 3079 4 350
4721 £500
4186 = 500
A54H + 500
4817 £240

Av. 4802 2210
ZE43 £400
MO7 + 500
3642 £ 310

Aw. J620 + 180

2190 +450

4803 & 264
4961 £ 240
Aw J88T 200

5256 4+ 230

6054 £330
6136 £320
Aw. G095 + 250

391 £ 180
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Samyle
in The Dererl Fayum, Submitted by Mis Coion-
Thompson and Mra. Elise Boumgartel of the Muse-
urm of the University of Manchester.

B. Turkey

Alighar TIT (Alizhar): Wood from the foandation crib-
bing for a fortification wall in Square 0-10 in levels
assigned to Period 1L “Early Bronze Age,” in the
miunel al Alishar Huyuh by the excavator, H. H. von
der Osten, Reference: “Oriental Institute Publics-
Vione," 3XVITL, 200-10; Figure 207, Sulwmitted by
K. ]. Bruidwaad, Orientnl Institute, University of
Chicage

Alighor Chalealithfe: Wood from Lewel 14 in the centml
depth cut Square L-14, Alishar Huyuh., The ex-
cavators counted Levels 19 through 13 as “Chal-
colithie." Reference: “Orwental Instilute Pulilica-
timns," Vol XXV Submitied ly B, J. Broidwomd,
Orlental Institute, University of Chicago,

C. Irag

Jarmar Land-snail shells fairly well preserved [rom the
lanzal Levels 7 and £ st Jnrmo, Enrliest village mate-
rial in western Asia. The basal levels nec proceramic,
Excavated and submitted by R, T. Braidwood, Orien-
tal Institute, University of Chicage.

I3, Symia

Tuyiral: Wood from the floer of a central reom (I-]—
1st) in o large Hilani (“palace’} of the “Syro-Hittite™
period in the city of ‘Tayinaf in northwest Syria,
Known age 3625 & 50 vears according to B. J. Braid-
wood, Submitted by R, J. Braidwood, Orlental Insui-
tute, University of Chicago.

E. Iraw

Beli Cape (Ghar-i-Kamarband): Five miles weat of Beh-
shabr at the southeast corner of the Caspian Sea;
strutified cultural deposit 4.05 meters thick contain-
ing fram, battom to top, Mesolithic, Late Mesolithic,
Mealithie, Laze MNealithic, and Bronze Age materials,
The samiples were burned bone which were treated by
dizselving in hydrechloric acid to soparate the charred
carbon, which was measurad, This material was col-
lected and submitted by Carleton 5. Coon, Univer-
sity of Pennsylvanin Musum, Five samples were
maasared:

71

Age (Years)

650 & 350
2423 +350
An F242 250

4519 1350

GTOT +320

696 £ 270
2048 £ 270
1234 £ 270
v, 253 & 150
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Sanyple
I Lowest gray =oil with Meslithic artifacts 3,00
aml o 405 meters (Lewels 21-28),
547

525 Supposedly from the same lovels as No. 574,
Comenent: looks intrusive or allered.

AT4 Yone contnining upper Mesolithic netifnets 1 .25
to 215 meters cleep {Layers 15 and 16),

534 Mesolithic-Neolithic transition at 125140
meters (Layer 10,

AN, Eone containimg Mint blades aned pollery sherds

405, ol Neolithic type.

aml

513
IF. PALESTINE

576 Hible: Dwad Sea sevolls, Book of Isalah. Linen wragps

pings used, Found in cave near Ain Fashkha in Pales-
tine by Pére de Vaux (OF) umler supervision Ly G.
Lankester Hamling, curntor of Depariment of An-
tiguities of the Jordan Government. Thopght to be
firsl or socond eentury 8., Brought for test by Jamcs
L. Kelso at suggestion of Ovid R Sellers and with
permission ol Mr. Harding. Sulmnilled direcily by
C. H, Kragling, Oriental [nstitate, University of Chi-
ougn.

Il. WESTERN EUROI'E

Age (Years)
BOOM + 415

1130+ 300
126d) £430
BE45 & 500
10,5040 4 6108

RORS + TH)

1917 £200

(Peineipal colfabarators: 1. L. Movies, B, 5, Degvey, Ju., axn R F. Fusr)

A, France

4 Laseaig: Charcoal from the Lascaux cave near Mon-

tignac northeast of Les Eyzivs in the Dordogne. This
wave has the emarkalile paintings. The chareoal was
taken from the oooapntion level in the northwestern
portion ol the eave Iy Abbé H. Breuil and M. Severin
Hane in 1949, Submsittel by FL L. Movias, Hurvand
Univesity.

577 Frawee: Material from a late Upper Paleolithic {Mag-

dabenian} vecugsation layer veerliin by 1.5-2,0 meters
of rack fall, Colletted in and around & hearth which
measured 6 em. in diameter and W em. in thickness
at the center. Founl it La Garenne, 8i.-Mareel (In-
ilre), Franee. This sample consisted of 1500 grams of
Tpnerl bone from which sufficient organic material
was oltained by acil dissolution of the bane. Sul-

15,516.+900

11,10 4 4801
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Sample
mitterd by Dr. J. Allnin, 34, Avenue Thilaad-Bolk.
lureine, Newvy-5St-Sépubehre (Indre), France, through
H. L. Moviuz, Harvanl University.

Franee II: Same as No, 577, except that it consisted
of an ashy material with sandl, charcaal, and Wurmed
Lanes, )

France I Same ag Nos. 577 and 578, except Dol
outside the bearth but in sanvwe horizon. Bumel bone,

Lake Bowrgel: Lake Bourget wood aml peat samples
taken wlong roacd between Chamlbry and Grenoble in
southeastern France. Shoull be interglacial or intes-
staclial. “This samgle was woold from 2 inches aluove
base of Lawel 3, the lowest lignite bed in (e expasane
between Lo Flachére il La Brussére (Isire). Do-
now'a Sample 1, Sulimitied by I L. Moviog, Harvand
University.

Creneps: Woord from peat bed in Dranse Valley east of
Gieneva and south of Lake Geneva in France rather
than Switzerland. Submitted by H. L. Movius, Har-
wnnd University.

B, GeErMany

Crermiait Allreind: Teat with hirch remaing from Pollen
Fame LU, the younger Allerikd, Trom Wallensen in
Hils, northweatern Germany, Submitted by 19 Fir-
hisg, Ghveingen.

Cirenz Horizand Peat (Overbeck Peat): Peat (Grene Hor-
zant) from an accurately dated (2500-2700 wenrs)
dry pericel extensling throughout necthern Europe
nml as=ncialed with archeological remains, This sam-
ple wos taken corcfully from O o 2 em, below the dry
horizon at Melhack, Cermany. Submitted by F.
Owerbeck, University of Bonn,

Grens Horigant Peal (Overbeck Top): Pest Trom 0 (o 2
. above the dry horizon deseribed in Mo, 450, Sub-
mitted by F. Creeebseck, University of Bonm,

C, DENMARE

Huseich Borcal (Danisk Bereal IT): Pine cones fram Dene
mark (Secland, Anmosen; Ogaande-k, PO 1949),
They are from Pollen Zone V thought to Lo 8500
years old. Submitted by J. Troels-Smith, Natiosal
Muzeum, Copenhagen.

Daseiek Boreal (Boreal [V): Hazelnuis [rom Denmark
(Secland, Aamcsen; Kikdegaard-K, UL 8, House 1),
The nuts are frem one gingle summer dwelling, be-

73

Age { Yeams)

15,847 £ 1200

12,08 + Sk}

Al keast 21 (06

Al leasy 19,000

11,0644 2 500

T % 2500
1452 1390
Av, 8 £ M0

11T £ 115

TEER & 380

PUIS 24400
WL+ 1K
oA, PRFI £ 350
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Sanmgile
longing o the late boreal age, Pellen Fone VI,
thought to be abiout BO0O years old. Submitted by J.
Trovls-Smith, National Muscum, Copenhagen.

Dawirh Bereal (Danish Borcel T10): Charcoal fram the
game summer bsse as No. 433, Expectesd age abouat
BN years. Sulmaitiend by J. Trock-Smith, National
Muscam, Copenbagen,

Dhuicl Bercal (fheniste House): Birchwood [rom the
same aren ns Nos, 433 and 434 From House 2. Froh-
nlsly & few years younger than House 1, Salamitted by
I. Trocls-Emith. Comment: Scems to agree with No.
433 amd possilly No. 434, giving a general nsean of
479 + 280 years,

. IreLanp

Irivk Boreal (Boreal IF): Peat from Clonsast, County
Ofaly, Ireland, Late Borcal Zone Ve Shoubld be
later than Danih No. 432 and earlier than English
No. 33, Donor's Sample 1-1%, Submitied by G, F,
Mitchell, Trinity Colbege, Thablin,

Irish Mud: Lake moil from Knocknacran, County
Muonoghan, Ircland. Late Glacial, Pollen Zone IL
Danar's Samgde I-A. Submitted by G F. Mitchell,
Trinity College, Luldin,

Irish Fosiglaciol: Lake mud, Lagore, County Meath.
Early Postglacial, Zone IV. Dunor's Sample 1-H,
Sulmnitted Dy G F. Mitchell, Trinity College, Dub-
lin.

E. ExcLavn

Breswux: Lumgr of beeswax associated with o smith's
huseri] of late Bronee Age objects of estimated 2500
3N yemrs age. CQuestion js whether it is part of
hoard or mot, Submitted by J. W, Brailsford, British
Muzeum, Comment: Is ol pact of hoard; it & young-
e,

Shagapick (Niopwick Peal): Modified humified et
(Sphognum-Callana) from mid-Iren Age to Romano-
British peried from Shapwick Heath, Somerset. Tol-
ben done VL Upprer Oligotrophic lueer; deeny pool
woud; el S0, Submitted by H, Gedwin, Came
brislige, Englan.

Shapoick (Shapwick Atlartic): Humibel Sphagnum-
Calluna peat of Meolithie Age, eurly Pollen Zone VII,
taken from @ fect & inches to 7 fect at base of old peat
at Dewar's irack cxeavation, Submitted by H, Gol-
win, Cumbritlge, England,

Ape (Vears)
BAA1 £ 540

425 £ 470

SR24 £ 300

11,310 +720

11,787 & Tk}

_I T12 £ 200
9206 + 230
Av. RID £ 150

3099 4 250
R0+ 500
Av, ZAN0 £ 200

0044 1+ IR0
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Kample

English Neolithic (Mesolithic): Piece of charred wood
from the lakesile settlement st Ehenalsde Tarn, Cum-
lerland. Neolithic “A™ materinl, Conventinal dat-
ings s 4000 yenrs (ef. Archoeologia, XLIV, 280, (e
of rare caset in Englamd where orgunic mnterinl hos
bt preserved fn association with charmeteristle Ne-
olithic material. Submitted by 1. W, Drailefond,
British Museum,

Starr Corer Wooden platform from Mesolithic site ot
Lake Pickering, Starr Carr, Yorkshire, Pollen Zone
IV. Bulimitted Ly H. Godwin, Camberizlge, Englmnd,

Fastglaciol (Postglacial I): Peat from Hawks Tor, Come
wall, Pollen Zoe 1V, Early Postglocial, Collected
from 7 fect to 7 feel 4 inches nt Site |t base of upper
peat, Submitted by H. Godwin, Cambrilge, Fng-
Tl

Hocklam Mere, Englamd (Englisk Allerad): Caleareous
silty nekron el from 790 to B25 e, at 1LB. 5,
Hnckham Mere, Norfalk, Late Glacial, Pollen Eones
II and III, Submitted by H. Caslwin, Cambridge,
England.

Neasham, England (Gedwin): Lake muad from Nensham
near Daclington in the extreme north of England,
Pollen Zone II, correlated dircetly with last glacial
stage. Submitted by H. Godwin, Cambridge, Eng-
I,

Hawks Tar, England (Allered I): Peat from Hawks Tor,
Cornwall, Late Glaelal, Pollen Zone I, 9 feet ta 9
feet 4 inches at Site I, middle of lower peat. Sub-
mitted by H. Godwin, Camliridge, Englomd,

Ponders End: Plant delaris from Lea Valley Aretie Bed
north of London at Ponders Encd, Glacial stage asso-
cimted with mammoth, lemming, and arctic plants.
Sulmmitted by H. Golwin, Cambridge, Englamd,

Combridge, Englard (Uambridge Irnterglecial): Oak wood
dlebris from Histon Rosel, Cambtidge. Middle of lest
interglacinl, time of maxinum extension of the Evm
Sea. Submitted by H. Godwin, Cambridge, Englun,

Stonehenge: Charcoal sample from Stonchenge, Wilt-
shire, England. Taken from Hole 32 of n serics of
hales that are belicved to have been useed for some
sort of ritual, These holes belong o the first phase of
the menument and arc considered to be Late Neo-
lithic., Submitted by Professor Stuart Piggott, Uni-
\'Hﬁi.i}' wl H.:ﬂllluurgh,

75

Ape (Vears)
4064 + 3

10,167 + 560
RANR + 490
An 0468 & 350

HOLT &
8540 + TR
Aw, 8275 + 250

G614 + 380
91 4420
Ae, AI5F £ 20

10,451 & 630

DE61 £ 500

Mder than

20,0

At least 17,000

3R 2275



16 RADIOCARBON DATING
III, UNITED STATES

[ Principal collaborolors: E. 8, Dieevey, Jr., R F. Fuse, J, B, Geovres
R. F. Hewzen, F. Joursox, F. H. H. Rosears, asn W, 5. WERS)

A, NEw ENGLAND
O

Mk Hample

417 Bewlrlen Strecl Fisloweir (Fiskoeir I): T'eat from Boyl-
ston Strect Fishweir site, Lower peat unclerlying the
fshweir. Presunsably the Gshweir shoull] be younger
(cf. The Baylsion Sfreed Fiskweir 11 ["Papsers of the
Peabudy Foundatinn,™ Yaol. IV, Mo, 1], pp. 60, 68,
68). Bulmaitted by F. 5. Barghoom, Binkgim] Lalw-
ruterics, Hurvard Universiny,

418 Boplviom Siveel Fiphwelr (Fislweir I7): Fragment of
coniferous wood from marine silt sverlying the lewer
et and the fishweir (cf. No, 417}, Submitted by
E. 5 Bamghoorn, Biological Labaralories, Harvard
University.

M- Upper Lingdey Pond (Deevey Series): Pond mud sam-

30 pls from Upper Linsley Pond, Connecticut, ns
degerlbed in E. 5. Deevey, Jr., Ao, Sfowr. Sef,, 241,
T17-52 (1M43). Samples were taken by loring
through bce in center of pond. Cellected and sul-
mitiel by E. 5, Deevey, Jr., Ushorne Zoclogicl
Laboratory, Yale University.,

Eample Repil (Mebers) Tallen Lone

36 5.5 3
7 B.05 2
k] LAk C1-C2
» 11.65 ClL.E

119= Upper Linaley Pond | Lingley Series): Pond mud samples
22 from Upper Linsley Pondd, Connecticut, These token
Trom ihe cdge of the poand, compare with Nes, 16-39,
Collectedd aml sulimitted by F. 5, Detvey, Jr., Yalke

Univimsity.
fample et {Mbeters) Pablen Hame
1y 4.65 ]
120 6.08 12
171 E.68 ol
122 10,15 b

Comeaent 2 Appears mixing I involved.
ATR " pper Limsley Pord {Linstey V): Feat fram Upgper Lins-
ley Pand, Commecticut. Taken at 10,55 meters with

Age { Years)
ST17 4500

EHST £ 300

762 250
LR00 £ 500
SL59 + 350
RA23 £ 4%

2141 #2150
S5 + 250
Helerogentous:
6911 and
4IRS + 250
G & 250

BT84 & 550
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Dur
N Samle Ape (Vears)
: lﬂ._l.'gv.‘. smpler. Pollen date is early to miblle C-1,
Pinw zone isat 11,90 meters. Colbected and sabmitied
by K. 8. Deevey, Jr., Yale University.

Ak Moine Sorenl (Hareal I): Peat from 6.0 meters in Plissey 5062 + 320
'oned, Maine, Very tog of Pine Zone B. Sulmited by
E. 8, Deevey, Jr., Yale University.

B. NEW YORK STATE

19 Frontenae fslond (Fronderac): Chareenl from hearth in 4030 + 260
dleepest refluse lovels (Trench 4, Section 4), Frontenac
Islandd site. Collected in 1939, Lamoka Foeus, Archaic
Preriel {revised terminology 1950) (f, Rivchic, 1945).
From colleetions of Rocheter Museum of Arts and
Sclences, Submittal through W. A. Ritchie, New
York State Museum.

192 Oberlander 2 (Point Pewinsula): Charcoal from crema- BITL270
tion (Burizl 6) on the Oberlander component Na, 2 080 4+ 200
at Hrewerton, Oswegn County, New York, Col-  dw 20484170
lected, 1938, This is carly Polnt Peninsula Focuas (cf.

W. A Ritchic, Rochester Museumol Artsaml Sciences,
Memair J [1944], pp. 152=60)0. Sulimitterd by W, A,
Ritchie, New York State Museum,

288 Lawmoba: Charcoal from hearth in subsoil under 5 fect 43058 & 350

of undisturld refuse at Lamoka Lake Site, Schuyler 4344 £ 300
County, New York, Some rootlets were present in Ade 4360 +200
this snmple. They were segregated under a bow-power
magnifying glase, This sample was less carefully col-
lected than No. 367, Collectexd by A. Frank Barmit,
Submitted by W, A, Ritchie, New York State Muse-
um, Comment: Doubt that all reothets were removed,
In view of rostlets, perhaps the 5383 date for No. 367
should be taken.

367 Lamoks (Lameka JII): Charcoal from Lamocka Lake 5383 £250
Site, Schuyler Counly, New York, From earlivst oc-
cupation level 3 fect below midden surlace, Probably
this snmpsle was more suitable than Ko, 288, Submit-
ted b W, AL Rivchie, New York State Muscum,

C. Turwors, Inpiasa, Towa, Kexrocky, Qo
AND PENMEYLVANIA

16 Awunis Meowed, Kentucky (Webd I': Annks Mound, Ken- 5149 = 300
tucky. Archaic period, shell from the 6.5-foot level,
Shells powdery on surface but shing aml apparnently
untouched underneath, Submitted by W, 5. Wehb,
University of Kentucky,
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Sanple
Anmiz Mo, Kerfucky (Webd F1): Annis Moune shell
Irom the 3.0-foot lewel, Submitted Ly W. 5. Webh,
University of Kentucky.

Avisis Mound, Kentucky (Deer Autles): Annis Mound
deer antler irom Archaic 6.5-foot level, Submitted by
W, 5. Webl, Unbversity of Kentucky.

Tudian Kuoll, Kentucky (Tndios Kwuoll): Antler from In-
dinn Knoll Oh2 mound at Ll-foot bevel, Sulmmitted
by W. 5. Webb, University of Ecentucky.

Adena, Kemiweky (Adews I): Adena material from
Drake Mound, Fayette County, Kentucky, Site 11,
Fragmants of bark preserved Ly contact with copper
reel-shaped breastplate in assecistion with Burial 7,
lying on hatiom af pit. the central fenture of this site.
Sulymitted by W. 5. Webb, University of Keniucky,

Adesa, Qliio (Okie Adena): Adena material from Cowan
Creek Mound, Ohis, Charcoal from sulifloor fireglace
just putside house structure, Submitted by K. 5
Baby, Ohlo State Muscum,

Hopewell, Okia (Hopewell IIT): Charcoal from Altar 1,
Seetion 3, Mound 25, Hopewell Mound Groug, Rass
County, Ohio. Excavated in 1891, Specimen 56424,
Chicago Natural History Muscum, Submitted by G,
CQuimby, Chicage Natural History Museum,

Hopewell, Oliio ([Topewell Skell): Conch shells associatel
with Skeletons 260 aml 301, Section 3, almosl cerdain-
Iy from Mound 25, Hopewell Mound Group, Ross
County, (Ohio, Specimens 56358 and 56606, Chicago
Natural History Museun., Submitted by G, Quimby,
Chicago Natural Histary Museum,

Hopewell, Ohls (Hopewell I): Bark nssocinted with
Skeleton 248, Section 2, Moune 25, Hegsewell Mouml
Giroup, Ross County, Ohio, Spedmen 56094, Chicago
Najural History Museum. Sulmitteld iy G. Quimly,
Chicago Natumal History Museum.

Hopewell, IMlinais (Mapewell I7): Wood from wood and
bark cxpping, lower edge of prinary moand, Mound
9, Havana Group, Havana, Ilinois. Sulmitted by
Tharne Leael, Ilinois State Museum.

Oxfard, (o (Galdthwait): Large log from the Tazewell
or Cary deift near Oxford, Ohio; Hamilton, Ohin,
Quadrange, Oxford Townships, Section 26, just north
ol the crevk. Submittedd Ly R. P. Goldthwait, Ohio
Simte University,

Age {Years)
THi4 + 500

4900 + 250

5700 + 350
AH94 + 560
Aw. 5302 4 30K

1168 % LAl

1508 250

1951 4200

2285+ 210

8 £250

23364 250

Al leest 15,000
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Qur

Na. Sampde

Mt Tollesion, fllinsiz (Tellesfon): Woopd from Tolleston
level, Lake Chicage (may be Algoncquin instead), Log
found at base of Iake sand overlying il in clay pit
at Dalton, lllinois. Submitted by J Harlen Brets,
University of Chicago.,

Aoh  Till, [iiueiy (Tiinefan): Wood found in till directly be-
low Lllinoinn gumbotil s Vermillion County, 10
neis. Submitted by G, W, While, Department of Ge-
wdogy, Univemity of Ilinos,

335 Wedres, Illineis | Tasreell): Barly Tazewell Bhelbyville
woml from Lake Kickapoo, Werdeon, La Salle Couns
ty, Illinofs, This 13 NIJTQM to be our enly traly
authentic Tazewell sample. Sulbimitted by L. Horlserg
amd J Harlen Bretz, University of Chicagn, (Cf, Mo,
575.)

578 Wedran, INfwais (Wedron): Wood from Lake Kickapoo
deposits at Wedron, Ilincis, From dark peaty silt wc-
curring in a ledeock valley in 51 Peter sandstone in
the same quarry and pusition ns Snmple 335, The
wound harizon B2 overlnin by perglocially deformed
sand and dark sile, which in turn underlic laminated
clay {Lake Kickapoo depsits). These lie under a
serics of tills which have been regionally cormelater
hy L. Horberg and othems. The lowest of these fa
Bloomington, so the sedinents must be early Taze-
well (vither Blocmington or Shelbyville). This
sample was collected by | Harlen Brets and trans-
mitted by Jerry Olson, University of Chicego. It was
taken as & check on Mo, 535,

510 Farm Creek, Mlineis (Farsdole): Wood from Farm
Creck, Illinois, representing the earliest stages of the
Wisconsin glacintion, Found 3-4 fect below the sur-
face of the Farmedale loess. Sulmitted by Guy T,
Smith, Burcau of Plant Industry, Beltsville, Mary-
land.

481 Skank Creek, Tows (Shiuk Creek): Wood found lencath
a presumably Mankato il on north bank of Skunk
Creek, NE, §, Sec. 15, T. 80 N, R. 22 W,, Polk
County, Iowa, Submitted by W. H. Scholies, Towa
Stare Collegre, Ames, Town,

A28 Cear Ureek, fowaer Glacinl wopd enllected in glacial il
in Spory County, Iowa, Location south gide of Clear
Creck inan exposed cut; NE. §; 5W. §; 5ec. 5, T. 83
N, B. 24 W Till thought to be Mankato, The wood
was extavitel ll_',.' ||l"qginx anel found in beess which

i

Age [Years)
60 +£230

Oliler than
17, MM

13,842 4. 780

Older than
17, 1K)

(der than
20, (0K

Oliler than

17,0001

16,367 £ 1000
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Bample
underlies & recent till. Submitted Ly W H. Schollos,
lown State College, Ames, Towa,

Bridgeville, Pennsyioania (Bridpeiite): Peat Tound be-
neath 17 feet of alluwial deposit just west of Bridge
ville, Pennsylvania. Thought to be Tazewell ar Cary.
Fulymitted hy E. B. Eller, Carnegie Museum, Pills-
Turgh.

Hellevare, Olfo {Lake Loomdy): Wood from Bellevae,
ki, § mile northwest of Castalinon the 620 contowr,
Ihis falls within the higher limit of Lake Limly
((rassmere) but above the Elkston limie, Lake War-
run beaches are S0-60 fect higher. Sulmitted Ly
K. P. Gobidthwait, Ohéo State University.

Comden Maroine, Obia (Camdzn): Wood from Camaden
moraing, scuth of Daywon, Ohle. No, 465 was from
the outer limit of the drift of which the Camden
muoraine & a recessional mosaine. This may bo Cary,
Eulsmitted by K. P, Goldihwait, Ohio State Univer-
sty

Farmdale, INlinots (Formdole £17): Womd foamd O o 1
Toot below surface of the Fnrmulnie bness at Farm
Cresk, Lllinois, Same site as No. 510, Submitted by
Guy D. Smith, Burcau of Plant Industry, Belteville,
Maryland.

Lake Cicedt: Teat from Lake Cicott bog, Indiana, Cal-
lecterl from 22- to 23-fmt depth, combined Samgples
B, G, H, I, L., M. Thought tn be Zone C-1, Zone B
boundary, Collected by J. E. Potzger, Builer Uni-
vergity, Indianapolis, Indiana, Submited by E, 5.
Deevey, Jr, Yale University.

13, Nowrti CarOLINA, SOUTID CAROLINA,

AND WEST VIRGINIA

West Virginia Bareal: Peatof Pollen Zone B (pine) from
12 feet 3 inches to 12 feet @ inches in Cranberry
Gilades, West Virginia, Submitted by H. C. Darling-
tom,

Singlelury Lake, North Caroling (Singlefary Oplimun):
Peat from highest of the three arganic horizons at
Ringlelary Lake, North Caroling, Same sile as No,
475, Bubmitted by Dawiel G, Frew, University of
North Carolina.

Singletary Lake, Nerth Corelive (Singlefory Manbalo]:
Freat and lake selinsenes from Singletary Lake, North
Caralina. The lake has three organic herizons, Thiz

Age (Years)
Heler than

16,000

RA03 4+ 500

{Hrler than
17,000

Oliler than
19,01}

5625 £ 310

MM LED

10,234 + 510

Oder than

0
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Char

W, Sample Age (Years)
sample is the second which has been tentatively iden-
tifiesl [rom pollen as lying between the Mankato and
Cory substages. Submitted by David . Frey, Uni-
versity of North Caralina,

470 Xingletary Lake, North Carolia (Siugletary Cary): Low- Obler than
et of three layers in Singletary Lake (cf. No. 475). 20,00
Submmitted by David G. Froy, University of North
Carling.

3d Sauter, South Coroling {Suntee): Cypress wond from o Ulaber than
laurge stwomygs buried wider 30 (oot of sand depsited by 17,0500

the Santee River in South Caroling. Stump was 11
Tewt in diameter, larger than any now growing in the
region. Bubmitted] by Stephen “Talwr, University of
South Caraling,

058 Myrile Beack, Xoufh Coeelive (Myeile Heoel): Cypreess (Meler than
waoail [ram the Myrthe Beach area under the [famlico 20,000
Terrace, Submitted Dy Stephen Taber.

E. Louvigtana, Mmssiesirer, Missourr,
Neprasga, aNp TExAs

143 Crods Site, Lowisiaura (Quimby I1°): Charcval from see- 1158 %250
wauidary manthe near junelion with primary mantle of
enst slope Mound A, Crooks Site, La-3, La Salle Par-
ish, Markaville period in Louistann, Submitted Dy
(i, Quimby, Chicage Natural History Muscum,

L5 Tebefumele, Lonisfare ((Qufmby £1): Charcoal from Lop 6 633 & 150
inches, T'chefuncte Site ST 2, Midden A, In Louisi-
ana. Submitted by . Quimby, Chicage Natural
History Mussum,

151  Tekefuncle, Lowistane (Quimby T1I): Shell from top 6 1233 +250
inches of same Toheluncte site as No. 150, Sulmmitted
Iy G, Quimby, Chicago Natuenl History Museum,

154 Byweem Site, Mississippi (Hynum I7): Bynum vegetal 1276 + 150
material from Site MCs-16, in Mississippi, base of
Mound B, Submitted by Jehn Cotter, National Park
Service.

385 Bowfils, Missowri (Bowils I): Wood from the Bondils 12,148 & TO0
saml lerrace near the mouth of the Missouri River.
This terrace is a remnant of the Festus Terrace, and
thie cbate therefore should apply to the Festus Terrace,
Sampde taken from 2 feet above top of the gravel.
Sulsmitted by Louis C. Peltier, Washinglon Univer-
sily st St. Louis.,

65 Mediciine Creck, Netragho (Sehuliz I}z Chureoal from 52564350
Murlicing Creek Site Fu—=50 in Nehraska. It fs a mix-
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Lkur

Nn, Samqde
ture of soil bands A andd B, which are 2 fect apart.
Submitted by C. B, Schuliz, University of Nebrasks.

108 Medicine Creck, Nebeaska (Sechnuliz £11): Choreoal from
Soil B at Ft=50 in Nebraska, Submitted by C. B.
Echuliz, University of Mebraska,

470 Medicine Creek, Nebragha (Sekwlts £5): Charcoal [rom
Bnil B at Pt-50, lower occupation Zone Feature 18,
N, 155/F. 45, Collected later and more eareflully,
utherwize duplicate of Ne. 108, Sobmitted by C. B,
Sehultz, University of Neleaska, '

471 Lime Creek: Lime Creck site charceal, Fi-41, Frontier
County, Nebraska, Reference: Lime Creek Brlletin,
page 34 (ci. Schultz, 1948, ;1. H). Submitted by C.
B. Schultz, University of Melmaska,

558 Falsew Bowe: Burned bissn bone from Lulsbock, Texns,
from the Folsom horizon, Submitted by E. H, Scl-
lards, Trans Memorial Museam, Austin, Texas, Mr,
Sellards’ alescription “This borned] bone has been
callected by Glen Evans and Geyson Meade of our
stafi. We are entirely satisfied that the horizon is Fol-
som, This conclusion that it i Folsam is based on two
principal olbservntions, We have, a4 you know, a
thureaghly proven section ot Clovis, New Mexico,
the succession being a gray sand containing elephant,
other fossils, and artifacts as the basal stratum of the
geetion, followl by a depesil containing A lnge per-
centage of diatomacrous carth as the secoml stratum.,
The elephant is absent fram this second stratum and
insted we have an almndance of bison, At the Lub-
binck locality exactly these comlitions are repeated,
grav gand a8 the hasnl stratum with elephant as the
magt common fossd], follewed by the diatamaceous
material with the extinet bison as the alundant fos-
sil. Later unils are present atl both bocalitles, At the
Clovis locnlity the Folson culbure is contained in and
canfinel to this sceond harizon. AL the Lubbock lo-
cality Folsmm cubture i present s shown Dy the
fuct that we have found Folsom joints throwrn oul in
thie course of dredpingg. We have not yvet found them
in plage in the distemncenus depesit, but are fully
canvimeed that they will be foand in place as cocavats
ing procla.”

37T Becondeey Chennd, Fatsom Nite, NewMexioo (" Folsow™™):
Charenal from a heneth in Gill of seconlary channel
which basl cut through the original depaosit of hison
beme ansl artifacts at the original Foliom siga. Col-

Age [ Wears)

HIT4 4 500

10,493 £ 1506

GRRD & G0
D167 4 60H
Av, 8524 £ 450

ORR3 £ 350

4578 .30
3923 2400
Ae. F283 =250
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Hin Hample

lected July, 1933, Submitted by IH. J. Cook, Agate,
Nebruska.

A Cedar Canyeir: Chareoal from Cedar Canyon, Nebras-
ka, locality Sx=101. Found in buricd hearth as de-
seribed in Figure &, page 359, Volume LXX, Awmeri-
cun Nadwralist, Submitted by C. B, Echualez, Univer-
sity of Mehmskn.

153 Ihmwis: Corneobs from Vavis site, in eastern Texns, No,
RRER, Toncs 3497, Bubmited by Abex Kricger, Uni-
versity of Tess, through JTames Grifling, University of
of Michigan,

83

Age ( Viears)

1993 + 190
L0 +430
v, ZHT + 150

1583 £ 178

V. Anrzoma, CALIFORNIA, AND NEW MEXICO

162~ Hal Caeer Comecobs and wood frogments from the de-
™4 bris in Bat Cave, New Mexico. The depth below the
topr correlates with the development of corn from o
primitive feem at the lewest layer of 6 feet to crsen-

tially modern eorn ab the top. Excavated by Herwert

Iick, Submitted by ' . Mangelalor!, Harmoed

University.
Eample Lawer {frepah in Feal
165 [eobs) n-1
173 (wousl) 1-2
172 {woml) -3
ek and 171 (rommn amd wood)  3=4
170 (wocud) 4-5

E67- Bud Cover Choreoul nll from one nrea in Bat Cave. From
T3 levels from which there has been no wnndnlism amel
little oppeertunity for mixtare by redent activity.
The development of the corn culture is presumahly
correlatable with the charcoal dates. Submitted by

Paul C. Mangelsdor, Harvard University,

Fample Logstlun
L) Arem 1, Section Ir,
Front, 11-15-inches deith
8 Arca LT, Secthon Ie,
Rear, 24=-36-inches deph
AT Area I, Section I,
Frant, 3-18-inches depth
Lo} Aren I, Section Ir,
Front, 48 flkinches dopth
512 Area LI, Section Ir,
Front, H-feinches dupth
574 Area 1, Section Lr,

Front, -td-inches degah

1752 £ 250
1907 £ 250
210 +250
1249 #1250
2802 4 2500

16110 4 2K

2816 + 20

FELEH

5605 =190

EOH0 TR (soair
run)

5931 £ 310
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Bample
Twluross Cuve J: Comcobs from Talaresa Cave, New
Mexios, This sample of cols was from Square 2R2,
Level 14, the loweat precermmic occupation level rest-
ing un sandstone Ledrock @ feet 4 inches from the sur-
fnee of the dey milden, Submittel Ly Paal 5. Martin,
Chicage Natural History Museum,

Trelurass Cave I Cabs and teee hark from Tulaross
Cave, Mew Moexico, The samgle was taken from
Sepuare TR2, Level 10, 6 feet B inches helow the sur-
fuoe. This kayer Is the Piue Lawn hose, the first pot-
tery-making perod of the arca. Sulmitisd by Paul 5,
Martin, Chicage Natural History Muscum, through
Thsalel Collier.

Tularose Care FIL: Corn nned vegetalde maleral from
Tuluroza Cave (ef. MNos, 584 aml SH5), Square 1R2,
Lavel 13, Pre-rottery wmi associated with Chiricabua
e immnlements. Submitted iy Paal 5. Martin, Chi-
cign Motum] History Museum.

S Frowciseo By Mouad, Califerniu (Colifornia dr-
ehtfe)r Charcoal from n Fan Franciseo HBay shell
renzand, Site 4-Men-115, Fubmitted by R. F, Heirer,
University of Californin, Berkeley,

Crlifurnin Early Horlzon: Chareoal from near Swern-
mento, Sile 5Ju=68, culture Early Central California
Hugiznn as dheserilaed in Robert F. Tleizer, The
Archaralogy af Cenlrad Colifernta. I. Early Horiten
{Anthropelogieal Records,™ Val, X110, No. 1 [Uni-
versily of California Pres, 1999).

Crlidse, A risona (Cochize): Charcnal-braring dict fram
¥ anel & beds shown in Figare 13, page 47, The
Corkise Crltare (“Melallin Pagsers,” Ne, XXX
This s the Sulphur Springs stage of the culture,
Submitial by E. B, Suyles, Arizone State Museum,
Tugsm, Arizona.

Corhise, Arizana [Sulpiur Speings): Choreoal from
Cochise Site 6 North, Sulphur Springs stage. Sub-
mittesl by E. B, Sayles, Anzona State Muscom.

Cochise, Jdrizeng (Chiricakia): Charcoal from Cochise
Site 12, Chircahua Stage. Submitiod by E. B, Sayles,
Ariamna Sate Museam,

Cnibise, Arizeun (San Pedro 1) Charceal from Site 3,
Sun Peslr alage. Sulphur Springs Valley, Arizona
{ef, Penree £:8, Figr. 4). Submitted by E. B Sayle,
Arbzona Srare Muascom,

Age (Years)
2103 £ 200

2112 £230
27T +£225
Aw 2145 £ e

2300 200

633 £ 200
P11 £ 180
Aw. Fil &= 130

A052 % 160

Tt 310

G0 £ 450

0062 270

17062 & 430
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HZampile

et Lepgeli, New Mexico {Anters I): Cochise chareval e
leeted by E, Anteve on the Wet Loggett, New Mexics,
August 17, 1950, Fownd in wall of nn nrroys triluiany
to main Wet Leggett arrovo ol s depth 9 feet 8 inches
below the ground level In beds which may be cither
Chirfcahua or San Pedmo, Submitted by E. Antevs
theaugh G, Quimby, Chicago Natum] Histsry Mu-
LR

Covlfre, Arizong (Suw Pedred: Charesal Trom Cochise
Site, San Pedro stage (Heson 52100, Figure K, Bl b
Sulsitted by E. B, Sayles, Arizona State Museuam,

Searler Lake: Bearles Lake, California, organie mat ler
from mucd scam separating uppser and lower sali de-
posits of Searles Lake, lelicved to hove oen des
(rsiter] by ol waters during Inst glacktion, Or-
prnic motter was exteacted with acctun, evagaaated
to a thick gyrup and the resinous material precipi-
tutell by adding water, Doner's Samgde 2. Sulamit ted
Ly W. A. Gale, American Putash aned Chemiend Cor-
puoration, Troma, Colifnmin,

Big Swr; Chareoal oo shell miceden on Californin consd
at mouth of Willow Creek aliout 30 miles south of
Rig Sur on const of Monctery County, Mibden overs
lnin by 10 feet of gravels, Present beach gravels suls-
merge 4.5 feet of midsden, indicating shore subsidenee.
Sulmitted by R. F. Hefer, University of California,
Berkeley,

(7. Nevapa, OrEcox, axp Utan

Gy Cazer Dang af giant slath from Gypsum Cooee,
Las Vegas, Nevada, Collected by M. R, Harrington

bS5

Aage (Vears)
ASIH & AR

O3+ 310

Al lrasl 16,1KH)

1279 ¢ 25

TRAHIZ + 3400
J0INTS 4 55

in 1931 from Room 1, dung layer & fece 4 Inches fram Ap, JOF55 2540

surfuce. Submitted by M. R. Harrington through
Ruth Simpson, Southwest Muscam, Los Angeles.

Gyprum Cater Same from amall room southwest of
Roum 1, Taken 2 fect 6 inches from surface.

Lenard Kock Nhelter, Nevadu (Leorvard Keck): Une
hurneel gunne from leyer containing woslen nriifacts
in Leonarnd Bock Shelter, Mevada (LESL), Sulimitted
by K. F. Heizer, University of Californin, Berkeley,

Leonard Rock Nielter, Nevada (Leamard Rocl 11): Atlatl
foreshafts of hardwond  {Narcobeins,  gronsewond)
from layer deseribed in No. 281, Submiue] b R, F,
Heizer, University of California, Berkdey.

B2 = 500
051 =450
KHAH & 430
w RRIT £ 250
R443 & 510
BRI £ 400
A, BE6 £ 3K

T03R 4 350
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Sample

Leonord Rock Shelier, Nevadn (Leoword Rock THI):
Carbonized basketry from appser guano lnyer, Avea
€. Associated with infunt hurial, Submitterd by B. F.
Heizer, University of California, Berkeley.

Feovard Kock Shelter, Newds (Leonard Rock Hosbels):
Amother portion of the carbonized Lagketry found in
Leonard Rock Shelter cave and reprosented by No,
554, "Leonard Rock 111" which guve 1736+ 500,
Submitted by R, F. Helzer, University of California,
Rerkeley, Comment: Earlier measurcenent muse have
been in error.

Lesuard Rock Gunno: Bat guano taken from immsediate-
Iy above the Pleistocene gravels in the Leonard Rock
Shelter, Nevada. Submitted by R. F. Hejser, Uni-
versity of Californis, Berkeley.

Lamelock Cove, Nevads [Lovelock 111 Rurnel guana from
prevceupation level, Lovelock Cave, Nevnda (LCAA).
Submitied by K. F. Heizer, University of Californis,
Rerkeley.

Lovelock Cave, Nevodo (Lovelack 1)z Unburned guano,
preaceupation Jevel, Lovelock Cave (LCAR). Sub-
mitted by K. F. Helzer, University of Californin,
Kerkeley,

Lovelock Cove, Nevado (Lovelock F1): Vepetal material,
earliest occupation bevel, Lovelack Cave (LCR). Sub-
mitterl by R. F. Helzer, Unlversity of California,
Berkeley.

fumbold! Cove, Newadn (Hwmboldl): Rasketry from
Humboddt Cave In Nevada, exovvted in 1936, This
cave i some 10 or 12 miles west ol Lovelock Cave.
Submitted by . F. Heiger, University of California,
Herkebey.

Masama; Chareoal from o tree hurned by the ghwing
psmice theown cat by the explosion of Mount Maza.
ma (this formed Crater Lake), This teee was foumel in
a uail eut above the Kogue River on Oregon High-
way 230, about 105 miles towand [Hamowd Lake
from the junction of Oregon Highways 230 and 62,
The pumice i about 75 feet dbeep at this paing, wmi
albent 40 feet of pumice overlies the portion of the
irec from which these samples came, The impression
was thar the tree was still in very nearly an wpright
position. Colleeted and suhmitied hy 1. 5. Cressman,
University of Oregon,

Tanger Care, Utak (Deugee Cowe 1)z Charenal, wonsl,
aml sheep cdung from Danger Cave, nene Weinl-

Nge | Vears)
2736 & 500

5779 2400
5004 + 325
v, 5737 250

11,199 570

4445 2250

‘}mxm
5061 £400
Aw. o004 £250

2452 £ 180
2517 £320
Aw 2482 4260

1953 L 175

G3RD £ 320
1318 +£350
SO38 +400
BALT L 400
Aw, g433 £ 250

11,453 & 600
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Sampile

over, Utah, Found on old beach of Lake Stans-
bury, consksting of 2 fuet of sanel degrosited on cu-
mented gravels, Both sheep dung and woml were
found in the sl Inyer. Above this severnl feet of
later deposits lie, ‘This sample was sheep dung from
donor's Snmpde F I8 FS 535, Submitted by Jesse D,
Jennings, Unlversity of Utah.

Dasger Case, Utak (Damger Cave 25): Wil anly from
=ame hention ns No, 609,

Fari Kock Cove, Oregon (Sandaly): Severn] pairs of wo-
ven ropse sniwials found in Fort Rock eave, which was
bardee] beneath the pumice from the Newberry erup-
tian in Oregon, Theugh Mr. Cressman himself did wot
dig e sanadals;, he feels certain that the gpersan who
fid gove the correct information, They are exnctly
like ones Cresaman had dug but unfertunately had
varnished, so that they could not be used for raclio-
carbon measurement. Submitted by L. 5. Cressman,
University of Chregon.,

Catlenw Caze, Oregons Organic debris from Catlow Cave
No. 1in Oregon. Taken from LAE-fool degh (Mo,
1-3028), Submitted by L. 5. Cressman, University of
Oiregon.

&7

Age (Vears)

11,151 4570
DIRE £ 480
RO & 540

Av, §ETE 350

1118 + 190
TUR 4230
Aw, 950 % 150

H. MimnesoTa, Wiscowsiv, aNp WyoMING

Brorson, Mimresala (Bronsen Irierglocial): Wood from
a well, Bransen Station 1, B8 fect below surface in ns-
sociation with a wealth of plant materlal in a Pregla.
cial spruce-tamarack forest, Collected Ly C. O,
Reosendnhl, Depariment of Boteny, Universily ol
Minnesota {el, Eeology, 29, 201-06 [1M4E]). Sulmitted
iy W. 5. Cooper, University of Minnesota,

Moorhead, Minnesota (Moorkeod Imierglaciol): Wool
from Moorhead Station 2, Minncsota, late Pleisto-
cene, May be associated with carly history of Lake
Apnssie (cf, Erolopy, 28, 150-90 [1948]). Collected
by C. 0, Rosendahl and submitted by W. 5. Cooper,
University of Minnesota,

Minnesele Borecol (Borgal TII): Peat from Jacksen
Camp, Minnesota, Taken from 8-foot depth in Pol-
len Zone B (pine pedod) by ]. E. Potzger, Butler
University, Indianapolis, Indiana, Submitied by
F. 8 Deevey, Jr., (sborne Zoological Laboratory,
Yabe University.

Minnesola Boreol: Peat from 8.%-meter cepth in Cedar
Bog Lake, Minnesota. Pollen done B. Collected by

Oleler than
149,000

11,283 4 700

580 = 490
B0 + 35
Av. TIZE + 300

TORA %420
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Sanigile
M. Buell. Submitted by B, 5. Deevay, Jr., Yale Uni-
veraity.

Tiwe Crecks, Wiremnrin: Wood amd puat samples from
Twa Cresks forest bed, Manitowos County. Forest
ol unclerlics Valder's Dieilt (Thwnites). Apparently
the spruce forest was submerged, pushed over, and
Buried wmber glacial drift by the last advancing ice
sheet i this region, Thought to be Mankato In age.

Rample Conlberrisn
08 spruce wool) Lo R Wilson, University of
Maussachuseits
365 (Lree roat) 1 Harlen Bretz, University of
Chicngn
366 {peat in whith T Harlen Brets, University of
root [305] was Chicaga
rooted)

536 (spruce wond) ] Harlen Brotz and L. Horberg,
University of Chicage, Cels
lected severnl years lader
than 308, 365, amd 366 in
1550,

537 [juai) T Harlen Bretzard L. Horberg,
University of Chicaga. Col-
lectenl suveral years later
l!!:.;:r]i 308, 365, and 366 in
1 h

Sand rhoued, Wiscomsing Teat from Sand Tsland, Bay-
fielil County. This unique peal dates the one outlet
stage of the Nipising Great Lakes. Submitted by
1. K. Wilson, University of Massachusctls.

Lake Butte, Wiscomsin: Cilagind wool (cf. Brdl. Geel, Soc.
Am., 54, 136 [1943]) found between Appleton and
Menasha, on the eastern shore ol Little Lake Bulie
des Morts. Log protraded from & fng bank of
varved elny, perbaps reworked but older than the
surface till of Valder's Drift. Appears flattenesd Ly
pressare, Collectod amd submitted by F. T, Thwaites,
University of Wisconsin.

Suge Creel, Wyoming (Vimo): Partinlly buarned Dison
Tt with high crganic content, frem Sage Crock,
Wyoming., Yuma site of Eizely and Jepsen, Suh-
mitted by 05, L. Jepsen, Privceton University,

I, Souvru DagoTa

Angosturs, Sputk Dubafe: Charenal from site in the
Angostura Reservolr area. Horizontel zone 3.5 inches

Aue (Years)

10,877 + 740
11,437 2770
11 07 2600

12,168 £ 1500

11,442 £ 640

A, 11904 £350
650+ 640

5038 & 200
Gl & 300
Aw. G401 + 230

G619 + 350
7132 #3450
Av. GRF6 £ 250

FTLI5£740
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thick mixeel with eay (Mecompmsesd Pierre Shale).
Sample 3OFAGS-203 from Square NTEd, Area R,
Submitted by F. H. H. Raberts, Hupenu of Americnn
EII(I\M]W. Smithsoninn  Institation, Wazhington,

M Leng Site, Soull Dubola: Charenal from the Long Site

{A9FAGS) in the Angostura area of southwestens, The
charcoal was taken from an oval-shapsed unpoganst
hearth (Feature 14) 2.1 feot long amd 1.5 feet witle
in the west center of Sruare N3ES, Part alsa wos
taken from & small surroumding ann. Donaer's
Sample JOFAG5-417. Collecled by Richard P,
Wheeler in the summer of 1950 in the ficll party of
Paul L. Cooper, River Basin Surveys, University of
Nebiraska. Submitted by Paul L. Cooper,

J. Arasga

10l ¥ukon, Canods (Fohnson [): Charcoal and charrel-

102
12

wood sanples [rom buried soil layer in the Yukon,
Submitted by F. Juhnson, Peabody Foundation,
Fhillips Acadlemy, Anelover, Msanehosetis,

260 Ipaulak, Aloska (Fpintak): Wood from the Ipiutak site

at lheering, Sewnrd Peninsuln, Alaskn, Third level in
debris. Estimated date ap. 0-500, Excavated Ly
Helge Larsen, summer of 1949, Submitted by F.
Rainey, University of Pennsylvania Museum, Phils-
delphia.

26 Tprinak, Aloska (Fpamlak F1): Woud frum Grave 51 at

Ipiutak. Deseribed in Larsen and Raincy, [pismtak
and the Arciic Whale Hunding Culinre (*Archeological
Papers of the Amerlean Museum of Natural His-
tory," Veol. XLIL). Submitted by Helge Larsen, Uni-
versity of Alaska, College, Alaska.

A0 Fre-dlewd, Alention frlonds {Alend 1): Chareoal from an

Aleut village site near the village of Nikolskion Unink
Island, This particalar sumple was taken from a
dlepth of 433 cm. and is pre-Aleut in age. Submiffed
by W, F. Laughlin, University of Orcgoun,

24 Fairbanks: Weod found under BO-100 feet of froaen

muck in the gold diggings near Eva Crock, Fairbanks,
Alagka, Submitted by Wendell Oswalt, University of
Alaska Museum, College, Alaska.

506 Nortow Bay, Alaske (Aluske [T): Charved wood from

middle levels, Iyatayet site, Norton Bay, Alaska.
Excavated ||y Gi:hli:l&‘a i 1999, Swhiemi daad I F,

Age [Veans)

TOTA + 3y

1l + 180
14601 & 180
An 1533 2150

HTA& 170

HZ+1TO

;2921! =440
J407 & 520
Aw J0IK & 2300

(Meler than
20,000

L0l & 20p
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Hamjide
Bainey, University of Tennaylvania Museum, Thiln-
felphia.

Deubigk, Aluska {Deubigh Log): Base log from Paleo-
Tskimo House 7=1YHT; Cape Denbigh, Dyatayet
site, Suhminel by F. Rainey, University of Pennsyl-
vania Muscam, Fhilacelphia.

. Lawrenee Trland, Alaghy {Alagke £): Spruce wonsl
from Hillside (Okvik Hoase), Gambell, 3t. Lawrence
Tslnndl, Alaska. Exeavated iy Gididings in 1939, Eub-
mittel by F. Rainey, University of Pennsylvanin
Museum, Philabdphia,

Trail Creel: Willows and charcoal from 80-em. depth in
Cave @ at Trail Creck, Muska. Sulmitted by F.
Ralney, University of Penmsyivania Muscur, Phila-
dhelphia,

Fairbanks Creek: Woonl from 30- o ol-loot digpth on
Fairtranks Creck, Fairlanks, Alsskn, Associated with
extinet mammal hones. Subeitted by Wenlell Og-
walt, University of Alnskn Museum, College, Alnska.

1V, MEXICO
{ Prineipal colfubsrator: H. DE TERRA)

Tialiten, Mezire (Mexico J): Charcoal from varipus
hurksls ag different degpths at Thltilco. Early to mkl-
dle Archaie Perioil, Collocted Ty FL de Term. Sub-
mitted Ly [, F. R de la Horbolla, Museo Macioual
de Antroguologla, Mexieo, DUF.

Faralenco I, Wexfeo (MWerico 11): Charcoal from lovwest
sherl luyer, assochited with Yacatence | poatery.
Farly Archaic Period, refuse heag at Lacatenco,
Mexheo, Collecterl by 1L de Term. Submitted by
. F. B ik In Borbolla, Museo Noclonal de Antro-
pdugia, Mexice, DLF.

Teotihmardn, Mexico (Mexico FII): Chargoal Tron core
af Pyramid of Sun, Teotihuacin, Meaico, The sample
was tnken in an excavated tunnel 65-110 meters from
entranee leliw main center stafrense. Tl core of
rramld contnins lale Archaie type pottery. Cul-
Irets] by H. de Teer. Submitted by D. F. R. de ln
Burbulla, Museo Nacloral de Antropologla, Mexi-
o, [LF.

Tlaltiteo, Mexice {Mexico V)2 Charcoal from preceram-
ie level inclading *Chaleo calture™ artifacts in Rio
Mozl terrsce gravels at Thaltiloo, Collected by H.
de Terr, Submilted by D, F. B de la Borbolla,
Mugeo Nogionnl de Antropelogia, Mexieo, 1LY,

Age [ Viears)

016 £ 250

2258 & I

5003 4 280

12,622 + 750

407 + 250

33104250

2434 & 500
1519 + 200
A, beferopraenis

G004 £ 450
GHT £ 320
A BTN+ I




Clur
MNa.

02

207

421

421

413

RADIOCARDON DATES

Sample
Caicurilee: Charcaal from potlery level below Pedregal
lava near pyramid of Cuicuileo. Associated with pot-
tery wml fgurines of lnte Archaic ((Heoman Phasc
type). Collected by H. de Terra. Submited Ly I, F.
R, de la Borbolla, Musco Nacional de Antropologia,
Mexico, ILF.

Loma del Tepoleate, Mexico (Foma): Chorcoal frem
foor of stone structure, Loma del “Tepaleate, lae
Archaie Perlol, Collected by H. de Terra, Subimitted
by D, F. R, de la Berbolla, Museo Nacional de An-
trepologin, Mexico, ILF,

Tamondipas, Mexico {Pueblile): Charcoal from top level
of Site T174, state of Tamaolipas, Excavater from
Squmre N25, La Perm or Puchlite Coliure. Colleeted
by R. 5. MacNeish, Submitted by D, F. R. de la
Borbolla, Museo Nacional de Antropelogia, Mexico,
D.F., through H. de Terra.

Heeerra Woed, Mexica: Wood from Ciudad ee los he-
portes near Mexion Clty, Armenta Horleon assoelated
with mammoth, horse, ¢te, Younger Becerma formas
tion. Collectedd in 1944 by Arcllang and H. de Terra.
Sulmmitted Ly 2. F. R. de la Borbolla, Museo Na-
cimmal e Antropalogin, Mexico, IVLF,

Beeerra Peat, Mexiea: Peat from same station as Mo,
204 but 500 meters cast. Also from the Armenta
Huorizon, Collected in 1904 Ly Arellano and H. de
Terra, Bulmmitted by 13, F, B, de la Barbaolla, Musea
Nngional de Antropologin, Mexieo, DLF,

Marl at Tepexpdn, Mexice f‘.l"rqudu IY: Stems and
roots of pguatic plants extending from 48 to 70 inches
from surlface of mad into and through caliche Layer
beneath which fossil Tepexpin man was found. Col-
lected and submiteed by H. de Terrn, Wenner-Gren
Foundation, New York.

Altetelro, Mexics (Sun Tewsple): Charcoal from debris in
south chamber of “painted patio," 140 meters above
flsor of patie. In associntion with Teotibuacin 1T
style pottery. Submitted by H, de Terra, Wenner-
Giren Foundation, New Yark.

Teetihuacdn, Mezico (Sun Temple): Woud from large
pilliar on exhibit at Teotihuacin, Excavated 1921 in
“Ciudmdela™ at Teotihuecin, probabdy part of sup-
port for vounger temple of Cuetealcont] superime-
posed an older structure, Submitted by H. de Terra,
Wenner-Gren Foundation, New York,

by

Age (Years)
2421 £ 150

2E0S & 200

S5 £ 165
0 £ 220
Ar, 851 & 150

Ciller than
16,0000

11,003 + 500

3800 + 450
4430 % 350
Ar. 4115 4 K7

1878 + 200
G114 330
Aw, 2344 & 180

3424 £ 230
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Sanspke

Manic Negro, Mexico (Athon I): Charconl from ‘Temple
X at Tilantongo, Oaxaca. Sample af collapsed rool
beams of temple excavated with rubble fram temple
finor, Monfe Alban I level, Submitted by Alfenso
Casa, Institutn Nacipnnl Indigenista, Mexico, DL,

Chachoapon, Mexico (Alhan IIF: Wood from rool
beams in tomb at Chuconpan, District of Nochixtlin,
Oaxacn, *“Corresponds with pottery of Monte Alban
I-A typee” Submitted by Alfanss Cosa, Instituto
Macional Indigenista, Mexieo, D.F.

Mnte Alban, Mexica (Mande Atban )z Chureoal (rom
Well of Offering ¥o. 3, Mound 1T {Temporada XTI},
Mante Alban, Maonte Alban I1 Jevel, Submitterd by
Allonss Case, Institute Nackonal Indigenizta, Mexden,
D.F.

V. SOUTH AMERICA
(Priucipal collaborator: J. 1, Biep)
Muwaew Prieta, Pern (Chivama): A series of samples from
Huaca Pricta Mound 3, which & preceramlie. Col-
leeted nml submitted by J. B Bind, American Muses
um al Natural History, Mew York.

Sample Level (Erepih in Fret from T
320 (12) (plant marerfal) HDP-D: 6

318a (9) (wood) HP3J2; 22

318D (5) (woud)

316 (T) (woos) HPA-M; 30

315 (6 (shell) HP3-M; 30

313 (4) (woesd) HP3-01: 36

Comment: First sample (No. 3183) looks Incorrect.

Huoca Pricia, Pera (Chicama FIT): Sample of enttnil
roats from Layer K-2 of Huaca Pricta Mound 3,
Sheuld be hetween Mo, 316 aml 318, Submitted by
J. B, Birl through H. . Cutler, Chicago Natural
History Muscum,

Hugea Prictes Charcoal from the bowest ocougsilion
level of Muaca Pricta Mound 2, found directly on
Imedlrock Ly Constante Larco, under the direction of
J- B. Bird, Sulimitted by J. B. Bird, Amcrican Muse-
wm of Malural History, New York.

Huaea Priehe, Perw (Peruvian): Algaroba wood Trom
ool bewm section of subtermncan house found in
Husca Frictn Mound 5 at the kevel of first appearance
of malze and Cupisnique pottery, Chicama Valley,

Age [ Yenrs)
2516 £250
6RO & 200

Aw, 2600 & 170

1652 & 1RS

2231145

2006 + 300
1989 + 106
3550 £ G0
4380 L 270
3572 £220
4257 £ 250

4044 4 300

4298 £230

2665 + 200
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Samilu
Pera, Colleetes] andd sulmitted by J. B, Bind, Ameri-
can Museum of Natural History, New York,

Huaen Pricts, Perw (Uhkicamo FV): Wooden digging
stick from Howse Mo, 2 of Huace Pricta Mound 5.
Should he mose than 100 yenrs alder than Cupsisnique
(No. 75) Sulmitted by J. B. Bird, American Muse-
um of Natural History, New York.

Hnaen Pricla, Perw (Persvian Bope): Bope in excellnt
eondition from coche in lowest layer (13} of Hunea
Prieta Mound 1, Associated with carly Negative
{Gallinazo) pottery. Submitted by J. B. Bird, Ameri-
can Museum of Natural History, New York.

Moche: Ash mized with bune from Moche site a1 Huaen
del Sal, nortbern Peru, Taken from habitation site,
geound level, beneath pyrumid on north face in con-
ter, Associated with Mochicn shenbs, Colleeted and
submitted Ly G, Kubler, Yale University.

Virdt Volley, Perw (Mochice Rope): Rope from o lnte
Mochica burial at Huaca de la Craz in the Virg Val-
Jey., Assnciated pottery indicutes it dates from the lat-
ter part of the Mochicn perind ns recorded in the
Wirh, the first valley south of Moche, Submitted by
W, I3, Strong, Department of Anthropology, Colum-
Tsin University, through J. B, Bind, American Muse-
um of Naturnl History, New York.

Paracas Necropolis, Pern (Paracas): Cotton cloth (rom
the mummy brought to New York in 19 by D
Rebeoca Carrion, National Museum of Anthropology
amdd Archacology, Peru. From Paracas Necropolis.
Submitted by T. 1. Bird, American Museum of Not-
ural History, New York,

Nasrs Valley, Peruw (Nasco )z Sections of four darts, dis-
tal cnds paintesd black, three hard and whipping ot
enil, Cahuachi, Nuzen Valley, Section Aj, Lecation A,
Grave 10, Nazen A Perind, Exeavated by A. L.
Forocher. Specimen 171210, Chieage Nutuml History
Museum. Submitted by I), Collier, Chicage Nutural
History Museam,

Nasra Valley, Pern (Nazce IT): Wood fragments of
Atlatl shaft from Grave 12, Location A, Seetion Aj,
Cnhunchi, Nazea Valley, Nazea A& Period. Catalogue
Wos, 171245 andd 171246, Shoald b contemporancous
with Paracas mummy., Collectel by A. L Krocler
anel submitted by 12, Collicr, Chicage Matural Hiz-
tory Mugcum,

B3

Age (Years)

32764250
3333+ 340
Av, I3 4 200

2632 & 300

2813 4 MK}

TR + 190

2190+ 350
1336+ WO
Aw, Z25T 4 2000

1314+ 250

1681 =250
2377 =200
Ao, 23T 200

. inchuding
No. 440
1958 - 200
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Chimcha, Perw (Chimeha): Guano from North Chischa
Island found Leneath 3 feet 6 inches of wind-borne
sand at Quebrada del Pantean by G Kulsler, Depart-
ment of Higtory of Art, Yale University. Sulimitted
by G Rabler.

M plodton (e, Chile (Chilean Slath): Dung of glant sloth
from Myloclan Cove, Ultima Fsperanzas, Chile
(51°35° 5.). Mot associnted with human artifacts,
though sloth and man found together in three caves
125 miles distant {cf, Ko, 485). There is an as yet un-
determined correlation with the last ke advance in
Patagonia. Submitted Ly J. B, Bird, American Muse-
um ol Noturnl History, New Yok,

Palli Aike Cave, Chily (Chilean Bane): Burned bone af
sloth, horse, and guanaes, associated with human
bomes and artifacts, Valuable in determining time of
arrival of man at tip of South America, Material
foamd in Palli Alke Cawe, 125 miles cast of Mylodon,
Submitied by T, B. Bird, Amcricen Museum of Nalu-
ral History, New York.

VI. TREE-RING SAMPLES

Broken Flwle Cave, New Mexico (Tree Ring): Douglas

Fir wood exeavated by Morris in 1931 from Bed Rock
Valley, Room 4, Broken Flute Cove, Inner ring ..
530; outer ring A0 623, Sulimitted by T, L. Smiley,
Laboratory of Tree Ring Rescarch, University of
Arironn, Tacson,

Segueia: Wood from the heart of the ginnt redwood

known as the “Centennial Stump™ felled in 1874,
with 2005 rings between the innermost (and 2802
. rings between the outermost) portion of the sample
and the gutside of the tree, “Therefore koown mean
age was 2028 + 51 years, Submitted by E. Schulman,
Laboratary of ‘Trec Ring Research, University of
Arizana, Tucsan.
VII, {FIHER AREAS
Ubaymima Skell Mound, Japan (Fopanese): Charcoal
from Ubayama shell mound, alout 10 miles west of
Tokye, Japan, Chorcoal was parl of stroctural ro-
miains in & house arca in the bottom levels of the
mound. Found in fall of 148, Thought to be oldest
house gite in Japan, Sabmitted by Ralph L. Brown,
26 West Ruslic Lilge Avenue, Minncapolls, Minne-
sotn, Similar smmple submitted by Licutenant
Colonel H, €5, Bchenck, This sample was nol meas-
ured,

Age (Vears)
(der than
15,000

10,800 £ 570
10,864 & TH0
A 10,832 £400

B639 + 450

973 4200
1070 £ 100
Av, 1M2 % 80

M5 +210
ZHIT + 240
2404 4 210
v 2TI0 L 130

4850 £ 270
3538 4 500
Av, 4546 £220
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Samyple
Lbayams Shell Monnd, Jopan (Lale Tomon): Chircoal
collectesd by Father Girowd from the early Late Juanon
{Horinouchi Stage) horizon ot the Usaynmna shell
moaned (ef, Mo, 548) in _]'ng:ml.. Bulmirted through
H. L. Movius, Harvard University.

West Africar Carbonizad wood from n Jae Upper
Pluistecone deposit at Mufy, Angela, Portuguese
Weat Africa, assagiated with a Lupembian stone
blke (late Stone Age). Foumnd on the eastern bank of
the Luembe River (7°38" 5.; 21°24' K.}, Stratigraphy
wns geny-white suned ot surface 250 meters thick. AL
the base of this the Lupembinn {late Stone Age)
backed blade was found in mint condition, unwarn
and associated with the carlionized wood measured.
Next below the send was a gravel layer 65 cm. thick;
next m fereitieed grove] lnyer 5 em. thick; then a
gravel layer identical with the second Inyer from the
surface, This was 10 em. thick and rested on the bed-
rock of mica schist. Submitted by J. Janmart, Musco
do Dunde, Comparchia de Diamantes de Angola,
Drundo-Landn, Angoln, through H. L. Movies,
Harvard University.

West Africus Corbonized woend fowmd 15 cm. down in
the gravel lnyer underlying No. 580, Sulmitlel Iy
J. Janmare through H. L. Movius, Horenrel Uni-
versily.

Hawaii; Charcoal from earlicat Polynesian eulture in
Hawaii. Found in Kiliowou Bluff Shelter, Kullauaw,
(ahu Istanel, by Kenneth P. Emory, Bemice P.
Bishogs Muscum, Honolulu 17, Hawail. Submitted
by K. I, Emaory,

Angiralia A: Aboriginal kitchen midden chareoal from
Australin, taken from Goose Lagoon, western Vie-
toria, on property called “Leura’ cast of Goose La-
goon. The midden was on the north side of the acoll-
nnite region and towand s cast emd, about 15 foet
above the alluvium fint. Collected by Edmund 1.
(ill, Mational Museum ol Vietorin, Melbourne, Sule-
mitted by H. L. Movioz, Harvard University.

Awustralis B: Aboriginal kitchen midden charceal from
Australia, taken from Koroit Beach nt Armstrong's
Bay, northwest of Warrnamboal, Vietorin, Collocted
hy Edmumd I Gill, National Muscum of Vietoria,
Melbourne, Submitted by H. L. Movius, Harard
University.

LY

Age (Years)
4513 £300

11,189 & 490

14,503 + 560

6 £ 180

174175

538 4200
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606 Waterlon, Canada; Western Alberta, Canaula, glacial

forest bed In morthwest quarter, Sce. B, T, 2 R, 20 al
Waterton (of, Waterton Lakes topographic map).
Stratigragphy: Top soil 1 foot; gravel 12 fect; lucus-
trine clay § ooty gravel 2 feet; samly silt with in-
vertchente fosails 2 Tect; fnrest el 2 feet ; dark-lrown
Fowatin deift 9 fece. This sample was woed, L. R,
Wilson, University of Massachugetts, says it is black
amd white speruce. The corlogy is similar to that at
wilge of tumdm now, Submittel by Lelasl Horleng,
University of Chisgo.

607 Walerlen Peal: Same as No. 606, cxoept peat Instead ol

e wond.

620 Mawchirio (Seeds): Ancient Manchurdan lotus seeds,

still fertile. Collected by Ichiro Ohga in the Pulantien
Basin of southern Manchurias in o peat layer pre-
sumably of Pleistocens age; uplift and ersion hwl
expeiseel the lnyer on the walls of the Pulanticn River
Yalluy., Ohga germinated several hundred sewds,
either filing the thick sater shell or soaking in cone
centrnted sulphuric acid for 1=5 hours. Genus Nele-
bo, similar to the Inlinn lodus N, mueifera. Sub-
mitted by B, W, Chancy, University of Califormin,
Herkeley.

Age (Years)
J261 250

3327 £320

10404 210



CHAPTER VII

THE SIGNIFICANCE OF THE DATES FOR
ARCHEOLOGY AND GEOLOGY

Hy FREDERICE JOHNEOMN

RCHEQLOGISTS, geologists, and palynologizts are con-
A tinually searching for the means of improving methods of
counting tire, The commonly available relative chronologics
lack precizion and direct correlation with the calendar, excepl when
they may be checked with old written records or with a few more
definite spstems, for example, the calendar based on tree-cing counts.
The latter kinds of methods, however, have definite regional and
temporal limitations, Despite such dificulties, dates of varying re-
liability can be assigned to all major events and a large proportion
of minor ones included in the subject, matter of the several fields,
The crror in these dates varies from + 150 years or less, as those of
the Near and Middle Eastern civilizutions where writien records
supplement archeological data, to geological estimates of Pleistocene
events the errors of which are often £30 per cont or more, The
poegibility that the radiccarbon method might increase our knowl-
edge of chronology was heartening, but thiz was tempered by the
realization that the archeologically and geologically dated materials
usged in developing the method were not precise and that some were
actually subject to question. The results were surprisingly consistent,
and our early qualms were unjustified. In general, sories of dates
having reliability which can be supported by archeological or ather
investigations have been, with puzzling exceptions, substantiated by
the radiocarbon method. The agreement between rediscarbon and
other methods on dates which are not so well documented is quite
erratic. However, on the whole the results are very satisfactory, and
the “failures™ simply present problems requiring attention.
Libly anel his associates wsked archeologists and geologists for ma-
terials of a nature which no one dreamed would ever be useful,
Furthermore, precautions preventing contamination of samples by

w
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extransous radiecarbon had ravely been taken. “The kind of sample
needed is relatively rare in many archeological collections, for for-
merly the bulk of this sort of material, once its presence had been
recorded, was often discarded in the field, Furthermore, all too fre-
quently an otherwise acceptable sample might be an ancient tool,
an example of some product of industry or & work of art, The exca-
vator retained and preserved with various preparations such arti-
facts for & definitc purpose. In large measure these conditions are
responsible for the lack of adequate series of samples from important
regions. However this may be, suificient material has become avail-
able through the interest and generosity of a large group of people
and institutions, and it is satisfactory for preliminary discussion. Tts
importance in relation to the method itselfl has been amply deseribed
by Tor. Libby. Here we will offer a brief discussion of the results in
relation to archealogy, gealogy, and palynology.

In making initial plans, the Committee on Radioactive Carbon 14
decided that the collection of such a wide range of samples could
best be controlled if they were collected in groups. The committee,
rather arbitrarily, selected particular hut broad problems which
had been under investigation, The primary purpose was to aid in
the development of the method. However, it was hoped that signifi-
cant chronological data, useful in many ways, would be produced.
An archeologist was reguested to take charge of each problem, collect
through his collengues appropriate samples for Libby, and in the end
prepare a report on the results. Geological problems were assigned in
a single group which was expanded to include palynological samples.
The serics of archeological reports have been published under the
auspices of the committee in Radiocarbon Daling, assembled by Fred-
erick Johnson (“Society for American Archacology Memoir,” No. 8
[July, 1951]}. The discussion of the geological and palynological data
appears in Richard Foster Flint and Edward 5. Leevey, Jr., “Re-
dincarbon Dating of Late-Fleistocene Events,” American Journal of
Science, 249, 257-300 (1951). The following remarks are bricf dis-
cussions of a few representative series of dates selected from the
abave publications. These zerics have been cheosen for the purpose of
indicating the character of the results, particulardy from the point
of view of a particular Geld or problem.

Jurlgment concerning the accuracy of a date depunds upon & num-
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. ber of factors. Considering the radiocarbon method alone, a date is
satisfactory if it iz in agreement with calculated values, On the other
hand, the age of many samples submitted by archeologists and others
is known within certain limits, having been determined by other
means. Disregarding contamination, undetected laboratory errors,
and other extranecus factors, it may be obzerved that, when a valid
radiocarbon date disagrees radically with an archeological date, we
are faced, temporarily we hope, with a dilemma, There are a number
of these in the list, and the reasons for the discrepancies cannot he
explained. Because of the nature of the results, there is an under-
standable tendency to give greater credence Lo values obtained by
the method rather than to ages determined by methods available to
archenlogists, peologists, and palynologists, It must he emphasized,
however, that, in spite of the lack of precision in all cases, many ar-
cheological and other dates are based upon evidence the validity of
which is at present impossible to refute, A very brief summary re-
view of some salient points will provide some background for such a
statement.

The time scales used hy geologists, palynologists, and archeologists
are, with rare exceptiong, baged upon stratigraphic sequences, Dates
given in numbers of years for levels in a stratification are often mis-
understood, and they can be misleading. With some exceptions such
dates are but convenient ways to indicate the estimated age, and a
relatively large probable error is implied if not stated. Actually &
date from one level indicates only its relationship to those above and
helow. The location of samples in a seriea of levels in the ground or
distributed over historically identifiable surfuces of the earth estab-
lishes chronological relationships between the samples, Knowledge
of the extent of this relationship varies with the character of sub-
sidiary information which may he derived from a study of the char-
acteristics of the several levels. Az has been said so often, materinls
from the lowest strata are older than materials from higher ones, pro-
vided of course that the whole deposit has not heen overturned
or otherwise disturbed. Tt may he added that, where superimposi-
tion is not directly observable, it may often be accurately deduced,
so placing in sequence nonoverlapping strata which may even be
located in areas widcly svparated horizontally, Although general
principles governing such deductions are commenly known, there
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are instances, often due to lack of fact, where chronologies hased
upan series of strata vary in degree of accuracy.

An adequately documented relative chronology of a sequence of

+ geological or archeological events can be relicd upon at the very
lcast. to indicate the order of events. Frequently reliable inferences
concerning relative time inlervals between events may also be made,
Huewewver, when it is necessary to correlate events in one such se-
quence with those in another, inferences of contemporancity or suc-
cossion must be made with care. Such are not dependable unless
supporting evidence indicates strong probability, Tn the earth sei-
ences, archeology, ete,, such inferences are frequently made, and at
times they are highly useful when properly considered. Regardless of
these difficulties with relative chronologies, provable and, in large
measure, inferred sequences supply a background for the determing-
tion of chronology cven though the results are not precise in terms of
4 limited number of years in the Christian calendar.

Perhaps because archeology, a relatively young science, is only
approaching a stage permitting the definition of hasic principles
governing the determination of the chronology of human existence,
investigators may be said to be experimenting with methods, During
the last 20 or 30 years, in America at least, various ways of counting
time during the past S000 years or so have been invented, discarded,
or reorganized and improved. This inevitably confuses nanarcheolo-
gists, especially in instances where discussions of sequences of events
refer to specific materials and their provenience and fail to mention
clearly differences of opinion concerning the derivation of chronologi-
cal fnctors,

There are two general kinds of problems, One involves especially
the older remains of man where archealogical materials can be as-
signed relative dates of varyving degroes of reliability through collaho-
ration with geology, palynology; and other overlapping fields. The
second is more frequently concerncd with later cultural material
found in situations having physical characteristics which are almost
whaolly due to the fact of human cecupation. In such locations strati-
fication iz prezent, but it is frequently impossible to identify it. Con-
seepuently, archeologists augment scarce definite stratigraphic data
with inferenges from internal evidence, such as the cvolution of styles
of pottery, changes in the form of tools, the shape of houses, cte,
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The resulting chronological framework is of course vory inseoure and
is recognized as such by any reputable archeolagist, The use of such
must strain the credulity of investigators in allied ficlds, especially
those in possession of more precise data, Be all this as it may, cer-
tain points in the relative time scale for recent human development
in North America have become rather firmly established, not per-
haps by logical proof, as in exact science, but rather by the sheer
weight of confirmatory cvidence. In other wards, the probahility of
their acouracy is so strong that the possibility of error is slight indeced.
Unfortunately, no suitable statistical expression of this can be maude,
Other dates, “guess dates’” they are called in archeological jargon,
are subject to controversics. These cannot be resolved at the present
time, but they may be reduced by a process of climination so that
either ranges of errar of these dates or hypothetical and sometimes
multiple locations upon a time scala may be suggested. Tt is in.
evitable that further archeological research will bring to light evi-
dence which will remove much of the uncertainty from these csti-
males,

Abhove all, the radiocarbon method gives promise that it will be &,
a tool useful in shortening the process of establishing the time when
many events in human prehistory took place. However, if present
conclusions are correct, the ordering of these events cannot be ac-
complished by the radiocarbon method alone, at least until such
time as & number of uncertainties can be clarified, The results must
be checked and revised in the light of unassailable stratigraphic fact.
‘This need [or carelul croas-checking leads to a collaboaration betwesn
the several fields which, as it is carried out, will inevitably result in
further development of the radiocarbon method and vast improve-
ment in the recording and interpretation of the provenience of the
samples,

The group of samples having “known'" dates came from archeo-
logical sites in the Near and Middle Eastern regions. The accuracy of
these archeological dates ranges from about +30 to 150 years,
such errors being due largely to lacunae in the existing records. It is
alza true that the beginning of recorded history of the several areas
in the region varies over a range of some 900 years, However, com-
parative archeology, using in large measure records and seguences of
events in Egypt and Mesopolamia, makes it possible to estalilish a
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rather reliable regional chronalogy extending backward in time for
some 3000 yearz,

Four of these dates have been plotted on Figure 1. The date
“Zoser'" (Mo, 1) is the only one of these which in the range of 1o is
unuceeptable to archeologists, for it is much too late. While statisti-
cal probability indicates general consistency of this date with the
others in the series, the range of 27 is too lange to permit useful com-
parisan with archeologically derived figures. Of the seven remaining
dates from the same region, one (No, 115) is about 800 years too
late. However, the sample is suspect because of doubts concerning
the status of the period it is assigned to. Also there is a possibility
that its provenience on the sloping side of a mound has been mis-
interpreted. Because of these uncertainties, this sample probably
ghould not have been submitted at this time. The date of another
sample (No. 183) is too late, but the archeological date could well be
in error. A third date (Ne. 113) is comparable only to an archeologi-
cal date, the error of which iz as yet undetermined. Excepting the
Zoser sample, dates on other samples, referable to dynastic Egyptian
gequences and records, are in good agreement with archeological
opinions. Comparing archeological and radiocarbon dates without
regard for statistical factors, especially the counting error, imposes
rather strict limitations. Even so, the agreement between the two
systems is remarkable, especially for such a small series.

The determination of the chronology of rise and fall of civiliza-
tions in the Newrand Middle Eastern regions is complicated by many
factors not the least of which is the size of the cities which flourished
gver long periods of time. Changes in town planning and repair and
rebuilding of houses and palaces increase the difficulty of determin-
ing stratigraphy. In general, however, the good agreement of the
dates implies confirmation of a number of present archeological
apinions concerning chronology. Where questions do arise, it is
notable that the archeological data are uncertain. There is litthe
doubt that, as & whole, the results of radiocarbon measurement are
fuite satisfactory.

It was not until 1927, when a type of fluted arrowpoint called
Folsom was found in association with an extinet animal, that it be-
came generally admitted that the human occupation of Narth
America was at all ancicnt. Since that time the study of “Early
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Man' has greatly expanded the horizon. It has been discovered that
the culture of which the Folsom arrowpaints were a part is widely
distributed in the continent. In addition, evidence of ald human oc-
cupations other than Folsom has come to light. Many of the levels
in which evidence of these occupations is found can be associated
with geological evente and hence may be referred to a geochronologi-
cal time scale of the Pleistocene and Late Pleistocene. The difficulty
has been that, in spite of general agreement concerning sequences of
strata, estimates of age by several authoritics for varicus leaturcs
have not always agreed, sometimes by as much as 15,000 years. An-
other problem involves the correlation of deposits in the north, where
glacial phenomena are present, with deposits south of the range of
glacial ice which are identifiable through the effects of climatic and
other factors, Similarly there is the problem of correlation of de-
posits an either side of the Rocky Mountains,

The radiocarbon dates from these early American sites on reliable
samples are actually too few to justify conclusions. However, the
consistency of them, as a whole, may well indicate what the future
has in store. Tn general, the oldest known remains, especially Fol-
som, appear to he about 10,000 years old (e.g., No. 558, 9883 £ 350
years). The age of another group of artifacts, Yuma arcowpaints,
has been subject to some controversy. Dates determined from loca-
tions in Wyoming (No. 302, 6876 + 250}, South Dakota (No. 454,
7715 £ 740}, and elsewhere may well constitute proof, otherwise
lacking clarity, that Yuma is younger than Folsom. In any case, the
sugpested sequence is in good agreement with facts available even
though these lack precision.

The age of the Cochise culture which was distributed over the
Southwest (Nes. 511, 515, 518, 519, 556) is acceptable even though it
requires revision of same not-too-well-documented contentions that
Cochise is older than Folsom. In Nevada the ape of layers in the
Leonard Rock Shelter, ranging from 8660 + 300 years (Mo, 281) to
5737 & 250 years (No. 554) (cf. also No. 298), does no vielence to
present estimates, except that the accepted date for No. 554 (57374
A50) may indicate that the Altithermal period in this region began
closer to 4000 B.c. than to 5000 8.c., as formerly cstimated. The crup-
tion of Mount Mazama in Oregon was an cvent of major importance,
and the ash layer it produced has hecome a chronological landmark
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used by a number of fields. Previous estimates, including revisions by
several investigators in as many fields, of the time when this took
place have ranged from 4000 to 15,000 years. If the radiocarbon
date, 6433 £ 250 (No. 247), is substantiated by additional measure-
ments, chronologies for the region can be corrected and correlated.,

The age of a recent discovery, Tepexpdn Man, in the valley of
Mexico is presumed to be about 11,003 + 500 years by the cxca-
vator, Hizs conclusion is based on the determination of the age of the
peat deposit associated with the skeleton (No. 205). However, the
available archeological and geological information, although suffi-
cient to justify attempis at dating, is not definitive in all details. To
some extent this is borme out by comparing Nos. 205 and 204, The
latter, & picoe of wood from the same deposit, is “older than 16,000
years." Undoubtedly Tepexpdn Man is an “Eary Man,” but, before
his exact place in the scheme of things can be accepted with con-
fidencs, additional dates and more definite data must be scoured.

Lack of opportunity has prevented extensive search for older oc-
cupations in Sputh America. However, samples from caves in Chile
in the neighborhood of the Steaits of Magellan were measured. Here
suggestion of possible human occupation gome 2000 years ago may
be made, OF even greater significance is the tenuous support of o
hypothesis that similar geclogical and cimatic developments were
synchronous with those of Europe and North America.

A detailed discussion of the items listed above and the inclusion
of & pumber of dates which have been omitted here would pose
questions concerning some of the radiecarbon results. A few dates
are abwviously in error, but in almost every case there are possibilitics
of eontamination or uncertainties concerning identification. For ex-
ample, the record of the material from Medicine Creek, Nebraska
(Nos. 65, 1084, 470), is equivocal, OF greater interest are questions
concerning lapses of time. For example, the dates indicate the some-
what startling possibility that a type of Yuma point may have been
made ard used over & peried of some 3000 years, Similardy the Co-
chise culture appears to have flourished without great change for
some 4000 years. These are simple hunting and gathering cultures
of & type which does not change rapidly., However, in shortening the
whole time span of human eecupation in North America, as the ra-
dioprarhben method has done, and indicating that some cultures did
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not become modified over such lengths of time, it beecomes necessary
to assume that in later times the rate of cultural development
speeded up more rapidly than is generally belicved. Nothing pre-
vents such an assumption, of course, but many more chronological
data documenting the earlier and later periods are necessary belore
the process may be fully understood.

The congistency in the archealogical and peclogical dates iz of
congiderable interest and significance. In one way or another and
with varying degrees of reliability, the chronology of Early Man in
Morth America is tiod to the Mankato glaciation. The advance of the
ice oecurred about 11,000 yvears apo, & date which i3 derived from
measurements on five samples taken from the Two Creeks forest bed
in Wisconsin (Nos. 308, 365, 366, 536, 537). Previously this maxi-
mum tdvance had been assumed to date from about 25000 years
agn. The occupation we have been discussing took place subsequent
to the advance, and the new dates indicate a shorter span of time
Ietween the occupation by Early Man and the later peoples. This
revising upward of these dates may indicote that geological develop-
ments were speedier than formerly supposed. Also this increases the
possibility that some migration routes in North Ameriea were lo-
cated very near the ice front. This revision partially cleses a gap be-
tween the older and younger cultures which has sorely puzzled ar-
chealagists for some fifteen years, An additional idea finds its origin
in the dates. The materials from Oregon, Nevada, California, New
Mexico, Texas, and perhaps Mexico and South America appear to
have existed during a broad peried now some 10,000 years old.
Even at that time, different culture patterns were present. If the
Indians of North America had a single origin, we can postulate that
it was carlicr, that is, during the Interstadial period or hefore. If not,
the implication that culture change was slow leads to a number
of somewhat tenuous working hypotheses such as: a single migra-
tion route into the continent was crowded with people bearing a
curious mixture of culture traits; carly diversion of peoples from a
single source, say, the Rering Strait region, into several subsidiary
routes led to the rise of different cultures; the possibility of several
major routes of migration into the continent in what is believed to
he very early times.

It is recognized that, barring undetected laboratory errore, satiz-
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factory measurement of an uncontaminated sample poses no problem
5 far a5 the method itself is concerned, The interpretation of the re-
sults is a different matter; it involves questions of judgment, espe-
cially at the present stage. It has not yet been possible to devise a
means of fully determining the validity of a sample, that is, whether
or not the materials are what they are believed to be and whether
they may be used for dating or for any other purpose. When a fow
dates correlate satisfactorily with other estimates of age, the con-
clusion that they are valid naturally is quickly formed, and con-
sideration of possibilitics of error is neglected, When one or two
dates in an otherwise satisfactory series are out of line with present
idens, there is panse for thought. OF even greater concern are con-
tradictory dates, There s no way at the moment to prove whether
the valid dates, the *invalid ones,” or the “present ideas™ are in
error. Under other circumstunces more rigorous statistical tests
would help select the more accurate groups, However, the Lwo sys-
tems of dating are hased on rather different principles, and so it
seenis that confidence in the final results can depend only upon a
much more extensive correlation of additional series of measure-
ments. Until the number of measurements can be increased to a
point permitting some explanation of contradictions with other ap-
parently trustworthy data, it is necessary to continue to form judg-
ments concerning validity by a comhbination of all available informa-
tian.

Ior. Libhy has been able to remove from some samples much radio-
active carbon 14 which was not contemporaneous with the samples,
It is certainly gratuitous to suggest here thal more investigation of
the whole complicated problem of contamination will probably aid
materially in the development of the method. There are other fac-
tors in connection with the samples; for example, the manner of col-
lection iz of prime importance. [t is necessary to attend to slightly
different detwils than has been customary in archeology and, pre-
sumably, in geological work, Observations on specimens in excava-
tions have varied, and always will vary, with’ the circumstances.
However, samples intended for radiocarbon measurement must often
be recorded more aceurately than has been necessary heretolore,
Unless this is done, the results of measurements are confusing, some-



DATES FOR ARCHEOLOGY AND GEOLOGY oy

times in the extreme, One example of such confusion amse during
the present research through initial lack of knowledge or understand-
ing by archeologists of the many insidious sources of contamination
and of the effect poorly recorded samples would have upon the re-
sults, The committee hoped that some cross-checking of dates and
ather information would add weight to important hypotheses con-
cerning the age and distribution of the Adena and Hopewel] cultures,
which are spread throughout the Missizssippi Valley and east along
parts of the Atlantic Coast.

The Hopewell-Adena problem has not heen satisfactorily solved
by archeclogists. Howewver, there is pencral agreement among
workers that available evidence proves beyond reasonable doubt
that Adena preceded Hopewell, Dates on nine samples (Nos, 126, 136,
137,139, 143, 150, 151, 214} directly contradict this evidence. Fur-
thermore, the dates suggest distributions of these cultures over peri-
ads of time and in a manner which, if true, requires an almost com-
plete revision of archeological concepts of recent human develop-
ments in castern North America, [t is entircly possible that o new
and accurate method of measuring time can very well do this. How-
ever, it cannot he done to the extent of reversing a number of well-
substantiated stratifications. At the moment, the Hopewell and Ade-
na dates appear to do this. As we look at these dates, however, it
seems possible that one or two may be valid archeclogically. That
is, Hopewell may well be older or Adena younger than inferences
from relative archeological sequences suggest. However, it seems
certain that both these possibilities cannot be true.

An inspection of the record reveals much of the cause of the pres-
ent trouble, Three of the samples were collected in 1891 ; their his-
tory since then is not known. There is some question concerning the
provenience of three other samples and their history since collection
in the early 1230's. The remaining three samples appear to be de-
pendable, hut, unfortunately, even these contradict the idea that
Adena is older than Hopewell, On the basis of these three dates, onc
may postulate anoverlap in the period of occupation of the sites
from which these three samples came, hut this requires that the
places were coexistent during a period of about 1000 years. Available
data do not support such an assumption. At present there is no clue
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to the source of these dizsagreements, The discordant note caused by
the measurement of these samples is indecd unfortunate, particu-
larly at this stage. Actually the unsuitable nature of most of these
samples renders valid judgment of the results impossible,

The rise and fall of civilizations in Peru have long been of major
interest to Americanists, who have revised or amended ideas con-
cerning chronolopy as rapidly as excavations produced appropriate
date. A long sequence beginning with rather well-advanced hunting
cultures, and cnding in the mid-sixteenth century with the climax of
the Spanish conquest, is hest known [rom the northern coast of
I'eru. The earlier, and zections of the later, parts of the sequence
were clarified considerably by recent excavations in the Virg Valley.
Exenvations in ruins of large cities and mounds of deliris from human
oceupitions have made it possible to describe periods when the pre-
historic people emphasized different interests and abilities during
their long histary. One way this has been expressed by archeologists
is by naming levels in a stratigraphic column beginning with Hunters
andl continuing upward with Early Farmers, Cultists, Experiment-
ers, Master-Craltsmen, Expansionists, City Builders, and Imperial-
ists, From characteristics of the strata, it has been inferred that
these periods [nsted diferent lengths of time. The determination of
the actual number of years for each one of these periods iz an impor-
tant but difficult and complicated problem, for points in a time scale
have to be inferred from observations upon the size and extent of
strate, the origin and development of ideas by the prehistoric
peoples, the distribution of cultural features, at least throughout the
Andean region, ete. Just previous to the radiocarbon measurement
of same twenty samples from South America, a rather new estimated
time scale had been generally accepted, even though o number of
puints on this were, and still are, being actively debated. Some of the
radiocarbon measurements agree with these estimates rather well,
lut others, particularly the later ones, are believed by some to he
apen to serious question. In spite of these doubts, and in view of the
luck of precision of the comparative date, the dates are surprisingly
comsistent. Regardless of archeological problems, of a series of eight
dates, “five out of eight fall within one sigma and the other three
within two sigma. Two of these are barely out of the one sigma range.
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None falls outside of two sigma. This result is very close to the sta-
tistically expectahle one, '

‘These dates have been the subject of extensive analysis by Junius
Bird,* who has compared the dates within the range of le in an at-
tempt to equate the most probable figures with the known stratip-
raphy. This procedure indicates, if nothing else, that in some cases
longer counting perisds are essential, and probably additional
samples from a single layer in & mound will have to be measured in
order to reduce the error appreciably so that the results may be
camparable in detail to meticulously recorded information from the
stratification. Study of Bird's remarks is recommended. Tn the mean-
time, and to [llustrate an example of one kind of siluation, we may
look at two dates, the means of which are nat in harmony with the
positions of the samples. Number 313 (4257 + 250 years) lay he-
law No. 316 (4380 = 270), being separated from it by 1.45 meters of
ash and occupational debris. This debris must have accurmulated
slowly, but there is no way of estimating the time involved excopt
to make what is believed to be a conservative guess that it was built
up in something over a century. This hgure is partially supported
but not at all substentiated by comparisens of other dates, To ar-
rivee at possible spans of time, in which the age of the samples may
actually helocated, comparison with various other samples locates the
age of No. 313 hetween years 4507 and 4210 and No, 316 between
4407 and 4110, Number 598 appears to support the date of No., 313,
and so it seems most likely that the date for No. 316 may fall in the
upper portion of its range, that is, perhaps between 4157 and 4110.
Such a manner of fguring will arousc the ire of the statistically
minded. However, if the dangers of such procedure are fully recog-
nized, it becomes possible to adapt the results of radiocarbon meas-
urement to an archeological problem based upon adequate strati-
graphic information. In this caze, for example, the series s sufficiently
large, and it is closely tied to a particularly detailed stratification.
The manipulation of the figures provides a better-founded estimate
of two dates than was previously possible.

1. Radiscarbar Dating (“Sadely for Amedean Archaoology Memair," No, 8[1951]),
I 47,

2. Ibid., pp. 3749,
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Probilems similar to these encountered by archeologists were com-
man in gealogy and palynelegy. Aside from errors which cannot be
explained as yet, the fixing of samples in stratifications is somctimes
attended by doubts leading to questions concerning the validity of
the dates relative to a geochronalogical time scale. Nevertheless, the
results are consistent in themselves, and, upon justifiable adjust-
ment of previous estimates, they agree with opinions rather gener-
ally held.

Az a rule, strictly geological dates have a much greater “probable
error” than archealogical ones. Because of this, anly their internal
consistency can be used in judging the accuracy of the results, On
the other hand, the radiocarbon measurements seem to check and
expand upon present geochronological time scales. Through the
study of the pollen in numercus levels identified in part by geo-
logical and archealogical means, a serics of postglacial periods or
“zones” have heen deseribed. Although the dates sometimes assigned
1o some of these zones arc often tenuous inferences, evidence of the
validity of the relative chronology is accumulating. This kind of cx-
tremely painstaking research began in Europe, and the results in
the Old World are more extensive than in the New, However, in re-
cent years much progress has been made, especially in North Ameri-
ca, 5o that definitive, if incomplete, data exist for a number of regions.

As mentioned above, the Mankato maximum in Wisconsin was
probably attained about 11,000 years ago. *'Four samples from the
Allerod horizon in Germany, England and Ireland give an age aver-
aging about 10800 years age. As this horizon (Zone IT of Ewropean
pollen stratigraphers) underlies solifluction deposits assigned to the
Fennoscandian glacial substuge, the essential agreement of the
dates implies that deglaciation of northern Europe was contempora-
neous with that of North America.”?

Concerning the palynological serics, Flint and Deevey make the
following cogent comments in an abstract of their report:

The meaning of & number of dates for post-Mankate-maximum events can
b assessed only in the light of the pollen chronclogy. As this chronology is u
relative ose, based on climatic changes and vegetational responses during
deglaciation, its calfbration will pequire mmples from many more localitics.
Allof the dates are of the right order of magnitude, with a few exceptions where
it scems Iikely that the straligraphic position of the sample, and not the radio-

3, Flint and Deevey, “Radiccarben Dating of Late-Tleistacene Events," Am. Jawr,
Sell, 248, I57-300 (1951}
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wrbon nge, has been incwrerectly given, Most of the avallalle dates, unforie-
nately, represent isolnted ddeterminatione that could be clther “right™ or
"weong™ witheut nocesarily affecting conficlence in the method itsell, The mast
imgrortant and interesting results ane these:

The Peelglacial spread of forests, and of Mesolithic cultures adogter] to
forests, toak place in England nbout 9000 years ago, The thme of attalnmeny of
the Boreal type of climate, Le. the time of the pine zene, differed apprecialily
accerding to the lativede of the locality. The pine sone is about 900 years old
in West Virginia, about 8K years okl in Connecticut, and about 6K years
ald in Maine; it is about RINK) years old in southern Minnesatn and about 7000
wears old in northern Minnesota, The age of the thermal maximum (“climatic
optimum™) has not been precisely fixed, but several samgdes from horizons not
far from it give ages ranging from about G000 1o alout 3000 years ago. In addi-
tion o pollen-dlated peat amd gyttja from Connecticut amd the British Tabes,
samples within this time range date the eruption of Mount Mazama in Oregon
and bracket the Boylston Strect fishweir in Mossschusetis,

This very brief discussion deals with ideas based on a considera-
tion of about half of the measurements which have been made by
Tir. Libhy and his associntes. More complete comment and cxplana-
tion are available in the two publications to which reference has
been made. The salient conclusion which may be reached is that the
initial experiment, if that is what it may be called, was successful
from the archeslogical and geological point of view, There is great
promise that & valuable tool for the eonstructing of a chronology has
been developed. Its value rests not only upon measurements of dates
of events which have been impossible to secure within a given range
of accuracy heretofore but also upon the institution of a chronalogi-
cal scale world wide in scope, As inevitable refinements are made, the
course of events in all continents may be direetly compared. Onee
this becomes possible, the value and usefulness of interpretations of
the significance of the events will be immeasurably enhanced,

Inconzistencies in the rezultz were inevitable, and in specific in-
stances they lead to untenable conclusions, This is to be expected;
in fact, it is remarkable that more “erroneous dates” are not listed
in the results. Actually the dates in question pose problems nol only
far warkers in radiocarhon lahoratories but particularly for collectors
of the samples, For a considerable time, improvement of the machine
Jdlsell will to o considerable degree depend upon the refinement of
methods of sample collection and recording and the revision of ar-
cheological, peclogical, and palynological hypotheses involving
chronology.

4. Tbid.; pp. 257-58,
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SPECIAL EQUIPMENT AND CHEMICALS FOR THE
CH SAMPLE PREPARATION APPARATUS

Tem
Vyeor combustion tubes; 25 mm. L1,
31 mm, 0.0, 750 mm,

Iron tube; 30 inches, 15 (L1, 0.035 wall
Copper oxide; wire [orm

Hydrachloric acid, CP

Ammonin CP

Calelum chleride, dibydmie, AR
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Crelmiwm metal

Furnace tubes, alumdum; dem, L1}, ®inch
lengths or bonger

Michromo wire, Nos. 20 and 28

Pyrex fritted disks; medium; No, 39570-10

Drierite; mesh Mo, 4
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Boarce
Corning Glass Works

Central Stee] and Wire Company

Merck and Company

Baker and Adamson Company

Baker and Adamson Company

Mallinckrodt Chemical Company

Merck and Comgsany

Kee Tir. Hergman (Inslilule for
the Stady of Metals)

Norton Company

Lyriver-Harris Company
Sargent Company
Sargent Company
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SPECIAL MATERIALS FOR SCREEN-
WALL COUNTER

Ttem Souree Type

Unloacded brass tubing American Brass, 1327

{elirect feom mill, West Washington

£51.70 per 100 1) Ztreet, Chicage, Iili-

nsis {Mr. Baker)

Siainless Steel Stecl Sales 18-8; Type 304, 302
Copper (Commercial Chas. Hesley, Chicagn

Capiper)
Palyethylene Heat Seal Contniner 534X SN gusseted ;

Spoal copgrer-clad fron-
gare wire, Nos. 28 (0.012)
and 30

Company, 323 West @ inch 250 (fut)
Randalph Street, Chi-

capm 6, Illincis, RAn-

dalph 60075 (Mr.

Crouder)

Sylvania Electrie Company
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